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ABSTRACT 
,. 
Split billets were hydrostat1eally extruded and 
-t solid rods were ··drawn to (l) obtain experimental grid-
pattern distortion data for comparison to an analytically 
derived expression for grid-line flow, and (2) develop a 
simplified experimental method for the quantitative deter-
m1na~ion of friction valuese The grid-pattern distortion 
study is on spl1t and transversely gridded billets of hot 
rolled AISI 1020 steel hydrostatically extruded through 
.. 
die semi~oone angles(~) from 2oS to 60° at percent re-
ducti_ons in area f;-om 10 · to 50%. T_he friction study, 
performed on a drawbench instrumented to measure drawing 
force, is on low carbon(<. 0.02%C) and AISI Cl024 steel 
drawn through die semi~oone angles in the range of 2 to 
45° at percent r~ductions 1n area from 2 to 35%. Drawing 
force vs. die cone angle data obtained from several other 
1nvest1gators 1s also used to determine friction values 
from the established procedure, and the results, along w1th 
values from the present study, are tabulated for the fric-
tion factor (m) and Coulomb coefficient of friction (fl). 
) 
In the split and gridded billet study, extrusion pressures 
were measured, and the above procedure, as.developed from 
the drawbench tests, is used to determine a constant 
:friction factor for the hydrostatically extruded sp"li t-
. ·billets. ·Extended stress-strain curves were determined 
•. 
/, 
. 
·.···.· .· :•. . •....... ~ - .. · . ···········,· .. ::···~~.·-··-·<-.. ""·.·· .... -.· .. ····,·.···.·· .. ··,.,·, ... :_:_iii' 
\' ., .. 
:. i 
• I . 
D 
I 
~ '] .· 
::i I .. 
:i, I , J . s., 
. '-/ ·/ 
.••, ':i 
. ~; 
. 2· . 
. . 
'.' 1 tor all of the matel'ia,ls. 'Th.e extended s~re~s-etra1n 
curve for 1020 steel is used to estimate a flow stress·; 
Ca;.-) for the split0 billet extrusions whicho in turn, is . 
" 
. ~ used to determine reduced. extrusion stress ( ~ ) as a . 
'° 
' •: ~ 
. ....:· 
' . ~- --- ' ·: ·."i 
function of d1e sem1-oone angle ( ex.). 
A brief review of the pe~tinent parts of metal 
-forming analysis after Avitzur is presented. Emphasis 
is on practical application of the analysis for the pre-
diction of such process variables as the optimal cone 
angle to m1n1m1ze drawing or extrusion stress, maximum 
possible reduciion 9 and such process def®cts as dead zone 
and central bursts. Also presented are the parts of the 
analysis fundamental to the friction and grid pattern dis-
tortion studies. 
The exper1menta1ly determined grid patterns are 
shown to be reproducible and are compared in several dif-
ferent ways to the analytically dete:crnined patterns. Re-
sults show consistent experimental results and reasonably 
good agreement to theoretically predicted grid-pattern 
distortion. Results of the friction study show that the 
,, friction values needed to calculate practically useful 
process parameters can, through use of the analysis, be 
easily and accurately determined on existing production 
. ' 
- equipment. 
. .. , 
_.,,,. .... ,f . 
• 
. . ' 
. ·.·: . 
.·· r .. 
·•.; ,:, 
. ' . 
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·' 
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INTRODUCTION 
' The torm1ng ot metal, both hot and cold, by pushing 
or pulling through conical converging dies finds wide ap-
plication in such processes as wire drawing, conventional 
extrusion, and hydrostatic extrusion. Figure 1 shows a 
.. typical die-billet setup for such a prooesse To ~e formed, 
the metal must conform to the die contour, and, to do so, 
it must flow plastically. Wire drawing is one of the 
most ancient crafts, probably practiced entirely on non-
ferrous metals at .first, with the manufacture of iron wire 
not being in~roduced until a few centures ago. Extrusion, 
on the other hand, 1s one of the-·youngest of metal forming 
processes, probably developed at the end of the eighteenth 
century tor the manufacture ot lead p1pe.1 Until recent 
years, extrusion was almost exclusively a hot-working opera-
tion, although soft metals were worked cold through the 
process of impact extrusion. The first controlled exper1-
·ments in hot extrusion were carried out 1n 1931 by Siebel 
:) 
l and Fangme1er, Sachs and E1sbe1n, and Pearson and Smythe, 
and the development of glass lubrication (UgineC!8Sejournet 
technique) greatly facilitated the hot ®Xtru~ion of stael. 2 
'.Dhe cold extrusion of steel awaited the development 
ot phosphating as a base for the lubrication film and was 
" 9 
not accomplished until the Second World War. Cold axtru-
s1on ot steel and other difficult-to-form metals by the 
,. ... ~-- ----
·J 
4 
J 
process of hydrostatic extrusion, made possible 1n the late 
"l940•s and ·early l950's by the p1oneer1ng work of Br1dgman3 
1n high pressure technology, 1s barely 1n its infancy, and 
1 t has great potential for the forming of heretofore ••un-
:f'ormable60 metals, alloys, and composites. Among other 
things, hydrostatic, as opposed 1io conventional (d1rect) 
extrusion, has the advantage of no billet container contact 
and, thus, no billet container friction. This lowers the 
required total extrusion pressure and -allows greater per-
cent reductions in area than are attainable conventionally. 
The absence of b1llet-oonta1ner friction makes hydrostatic 
extrusion similar to wire drawing. Forces and, thus, 
maximum percent reductions are limited in wire drawing, 
however, by the tensile ·strength of the drawn material. 
Extrusion, hyd·rostatio or conventional (closed-die), does 
not have this limitation. 
The semi-cone angle of the drawing or extrusion d1e 
( ~ 1n Figure l) has a pronounced effect on the total force 
needed to form a metal as well as on the flow patterns 
~. 
"\, 
an~ on the internal and external soundness of the subsequent 
product. Figure 2 summarizes this effect-for drawing stress 
( ux; ) vs. sem1_-cone angle ( IX.. ) • In the sound flow region, 
the drawing stress changes continuously with semi-cone 
angle and exhibits a minimum at some cone angle, designated 
.W:-
as 0(....0 ,.r. Experimentally, this behavior has been observed 
by W1stre1ch7 1n his drawing 8xper1ments on electrolytic 
,. 
copper and can be explained as follows • In general, the 
., 
... --••••• ····-·--·· --·-·--· --·-·--·····-··-··-··. -----------____.;._·__::_:.__:·" ·· .... ,' .. c..:.' ... .:':2.:i:C::C':i,,.,.·.,. 
• I 
. i: if 
': .' \ 
~"' ' J 
,:_ .I 
'l 
,,,t 
'\ 
I 
J 
' \ 
. . ' . 
. 
s 
· .·.required total forming torce for drawing (or hydrostatic 
extrusion) 1s dependent upon three interacting paramete.rs--
-
- '1deal deformation, fr1ot1on, and distortion. Figure 3 
.. ' 
shows how these parameters 1nt·eract to produce a minimum · 
1n the required drawing force vs. die semi~cone angle curve. 
W1th small cone angles, die-billet contact area is large 
and, therefore 9 :friction losses are large. With larg.e cone 
angles, friction losses are small, but distortion in-
creases the required force. The optimal cone angle com-
promises between these ti10 extremes 9 thus m1nimiz1ng the 
total friction and distortion losses. Excessive cone angles 
may cause the metal to shear within itself and form another 
cone angle for the reduction·. When,this happens, the metal 
1s said to have formed a dead zone (since that part of the 
metal forming the new channel no longer flows, but is left 
1n the die) and the new angle is knotm as the dead zone cone 
angle. S1nce for any semi-cone angle between o<cn1and o<c,,,_a. 
1n Figure 2 9 this dead zone cone angle will form, and since 
the dead zone cone angle is constant :for any combination 
of percent reduction and coefficient of friction, the draw 
stress (Ox, ) in this region remains constant. Beyond CX..c.n.2. 
1n Figure 2, the die begins to act much like a cutting 
· tool, shaving or· the -b1llet starts, and the drawing stress 
drops oft. In addition9 there is a region overlapping 
' the sound. flow and dead zone regions where, wh®n the right 
I combinations ot reduction; friction, cone angle, and prior 
I . 
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strain hardening are present, the material may undergo 
internal ruptures and form What is known as ••central 
6 
·bursts." .. 
. · Of the three 1nteract·1ng parameters of deformation, 
d1stort1on, and friction, mentioned above as functions of 
semi-cone angle, distortion 1s the main concern of this 
thesis with fr1ot1on receiving peripheral attention as 
having a possible effect on distortion" The experimental· 
method for determining the friction factor, however, 1s 
covered exttens1vely. A very useful method for studying 
distortion 1s the "split and gridded billet technique • ., 
!·.. In this method 9. billets are split longitudinally; lines 
'· are scribed, etched, or printed on one or both faoes; the 
. ' - . - . 
halves are put back together and extruded or drawn as a 
un1t, and the final shape of the lines or grid pattern is 
used to study the oharacter1st1cs of the deformation. This 
~ 
' 
method seems to have been first applied to the study of 
the cold drawing operation by Zagorski. in 1929. Its 
application to extrusion was made later by Siebel and 
HUhme, and Sachs and E1sbe1n in 1931 (as reported 1n Ref-
erence 8). 
In the present work, a distortion as well as a friction 
study was carried out on split and transversely scribed 
billets of hot-rolled, ··as-received, AISI 1020 steel, hydro-
stat1cally extruded at ambient temperature through a range 
of sem1~cone angles and over a range of percent reductions 
',, k •. 
. ' . 
·, 
-:- .. /. \";l..,,. . 
• 
/ . 
.... 
7 -.~·-
1n area. In addition, an experimental determination of 
the friction factor (m) was carried out for rod drawing 
of low carbon steel. The extended stress~strain curves 
were also experimentally determined for each of the above 
materials. This was done according to the procedure re-
. ported by W1atre1oh7, whereby an extended stress=stra1n 
'I 
- l 
curve is constructed through use of tensile-test data on 
bars pre~strained a known a.mount. 
The process of hydrostatic extrusion was chosen for 
the split-billet distortion study for three reasons: (1) 
the absence of billet container friction reduces the re-
quired extrusion forces and the hydrostatic pressure pre-
vents buckling (Ux,1r may be:;, (lo' ) , thus allowing extrusions 
over a wider range of oone angles and reductions than is 
attainable through either conventional wire drawing or 
extrusion; (2) this same absence of billet-container fric-
tion s1mpl1f1es any experimental a.ttempt to quantitatively 
,, 
measure the coeff1o1ent of fr1ot1on; (3) experimentally, 
the conditions and techniques under which -split steel 
billets may be hyd~ostat1cally extruded are of interest 
for future reference. 
The central purpose of this study 1s to provide a 
body of experimental data for comparison to, and conf,rma-
t1on of, an. analytically derived expression for the pre-
diction of -a distorted grid pattern as a function of 
reduction and semi-cone angle. This analysis, which 1s 
( : 
r~1 :f.:.::./, 
., . 
- "."·-·:. ··.~·::_·:-·····- ~ -c-. ' ' , .. --= ., ,. .• ,·,· _-_ ' ,_;· ' ,.7, -,..-·. ·:c:,;1;i~--,.,.,, __ :--' 
.. ·, 
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• j 
8 
provided by Av1 tzur (References 4, 5, 6·, 9, 10), 1s use .. 
ful for .the prediction of a wide range of phenomena 
resulting from forming operations through· conical con-
verging diese Among these, in addition to distortion, 
are predictions of relative drawing or extrusion stres·s-, • 
optimal die angle, maximum p~ible reduction, strain and 
strain rates, effective strain and effective strain rate 
fields and their averages, ooeff1o1ents of friction, and 
defects such as dead zone formations, p1p1ng 1n extrusions, 
shaving, and central bursts. 
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· ·ANALYSIS .,.: -
: .• · •.'r······~. . The -analysis as presented here 1s not intended to be 
"complete, nor are the der1vat1ons rigid. A·complete treat-
. ment may be found 1n the references. This section 1s 
_included to give a general view of the metal-forming para-
meters that can be quant1tat1vely defined and predicted 
with this approach. Presented 1n addition are the con-
cepts and some of the mathematics needed for a basic under-
standing of the analytical methods and their application. 
to practical processes. 
' \ 
Upper Bound Theorem 
In suggesting that limit analysis should be a power-
ful tool for the analysis of plastic deformation of metals, 
Prager and Hodge11 have formulated an upper bound theorem. 
Their statement is that among all k1nemat1cally admissible 
. 
stra1n·rate fields, the actual.one minimizes the expression 
· J*= {)2 fi_ iv /1£.;t,~· £if. ~V- j 7;;~ ,d,S (1) 
where J* 1s the calculated upper bound on power. If von 
Mises yield criterion 1s assumed, the maximum shear stress, 
k, that a material can stand can be given by ·the equation 
k=. Vo (2) v-a-' 
where 0 0 1s the yield stress 1n un1ax1al tension. 
Thus, assuming the stress-strain relationship.of 
·. von Mises,· Equation~· (l) becomes • 
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J~ = v} rro J:, i/f c5;. Ev·~dv-1 ?;·~· ~s C:3 > 
The first term 1n the right. hand side of Equation (3) 1s-
the internal power of deformation·and the second 1s the 
power requ1~ed to overcome external forces opposing the 
. 4eformation prooes~ such as, for example, back tension 1n ,, 
a drawing operation • 
Applying limit ana1ys1s to structure design, Drucker 
- et al 12 used the concept of d1 scont1nu1 ty surfaces. These 
surfaces when~appl1ed to metal formingp represent shear 
Within the deforming metal, friction between the metal and 
the d1e, or both. Using this concept, the upper-bound 
equation may now be written as 
' 
The general power analysis 1s then performed by postulat-
ing a kinematically admissible velocity field and using 
1t to calculate the internal power of deformation(~), 
shear power ( ~ ) , fr1ot1on _power ( v4 ) , and any potr1er 
due to application of external forces ( ~ ) • 
bound on power may thus be written 
The upper 
(5) 
'I'hrough use of this form for the -upper-bound, with some 
" 13 4 .5 6 modifications, both Kudo · and Av1tzur' ' have developed 
upper-bound solutions for various metal forming-processes. 
It 1s Av1tzur•s analysis that we are concerned with here 
'· 
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· and which will form a comparative basis for the experi-
mental results to be presented 1n a later sect1_on. 
A. -K1nemat1callt Admissi bl.~_ Velooi ty Field. 
11 
In order to use the upper bound theorem tor calcula-
, \ 
. -t1on of the inte:rr1~l power of deformation, a k1~emat1cally 
admissible strain rate field 1s:necessary. Thia can be 
derived from a k1nemat1cally admissible velocity field. 
A velocity field is admissible if the velocity components 
. ' . -~ . 
and their first derivatives are continuous except at allow-
able surfaces of veloc1t1 d1scont1nu1ty, the sum of the 
principle strains or strain rates is zero (1ncompress1b111ty), 
and the geometric boundary conditions are met. ·· Surfaces 
of velocity discontinuity are only allowable when the 
normal velocity components on either side of the surface 
are equal 1n magnitude and direction. Figure 4 shows the 
k1nemat1cally admissible velocity field assumed byv 
- 4,6 Av1tzur tor sound flow. His analysis follows. 
Assuming that the die is a rigid body,- the wire is 
divided into three regi.ons (see Figure .5) 1n which the 
velocity field is continuous. The unifol~ velocity 1n 
__ Zones I and III has an axial component only. · Def1ning1.'. 
veloc1 ty ~s ~ 1n Zone I, ~ in Zone III, and assuming 
volume constancy, one can wr1te, 
. (6) 
· ·... where. R0 and R; . are the original atid t1nal rad11, 
: .'t . 
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No deformation takes p:I..ace in · zone I, . 
and.it 1~ separated from the deforming Zone II J:>y the 
, 
-·· 
~~facer;. surfacer; h~s a ~F-h~r1cal radius, r 0 , 
originating at the apex (o) of the conical die. Zone II 
~ 1s botulded by the surface of the d1e, -which is a. cone of 
included angle 2 o<., and by two concentric spherical. sur- . 
faces, r, and r; . Surface r, separating Zones II and 
III has a spher1ca,l radius R, with the origin also at 
'· 
the apex (o). Av1tzur4 shows that the veloeity d1s-
cont1nu1 ties parallel to the surfaces 1n Figure 5 are· 
along r: 
along f1 
along G 
along rr 
L:\/\/ .:::. ~ J" IN @ 
A ,,A":;.~ J91'/'I !} 
Ll p-;;:: /VJ. /l-; C o.S r;,t n...2. 
a ,,A/;;::: ~ 
' - ,..,, . 
(6a) 
(6b) 
(6c) 
(6d) 
The velocity fields for void formation and fracture are 
covered in References 9 and 21, respectively. 
Relative Drawing and Extrusion Stress 
Combining the same sort of analysis with the state-
ment or the upper-bound theorem (Equation 4), calculating 
the internal power of deformation and fr1ct1o~ losses along. 
the surfaces of velocity d1scont1nu1tY» and then setting 
the applied powers equal to the upper bound on energies 
(J*), 1t can be shown that the upper bound on the applied 
stresses for drawing can be expressed as 
(Jj(j == ~ +2 .F("'-),k.. R_p +2 
. rlo · v;;- · R, ,r.3' 
Ro (7a) 
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and for extrusion as I "• ,; t I ''-; 
. 
. ' 
where f(ol ),-an expression· resulting from the integration 
to obtain the internal power of deformation, 6 is defined 
by 
.f (o4)::::. .11~:Zoe. I\ (c o,f o<.) v,- fi:Jn·~,l.o( I 
+ I , ,,e..._ - / -r ii :~ ~ ' • 
I F // - / 2. V 'JL IC. 0 s ~ .,r-/i- _L.!_ s' "':J.°'-v . /J. l;J. 
(70) 
I . 
and Vx., 1s drawing or front, tension, {l,(p, is extrusion 
-pressure or back tension, p;;- 1s the flow stress, R 0 is 
the initial radius, R;. is the final radiuss ·o1.- is the 
sem1-oone die angle, m 1s the friction factor and L is 
. , 
.;,• 'o' 
the length of the die land, 1f any (See Table VII, Appendix, 
for f{"'-) values) • 
•.,o".&, 
Equations ?a and ?b thus take into account the effect 
... /1,<s,. ti"'~ on relat1 ve drawing or extrusion stress (117 olt p;- ) of the 
internal power of deformation (2.f~)..k ;;) 9 distor'i;ion qr 
.. 2 °'-
shear losses <n6,..,z..t - c,:,r<X;) ) , and :friction (~~ 0 7~ ~. 
Figure 5 shows how these three parameters interact to p~o-
duoe a minimum when Equations 7a or 7b are plotted as a 
function of semi-cone angle. The friction factor (m) 1s 
def1ned through use of von Mises' Yield Criterion such 
that 
i .. 
~ . ' ~' (8) 
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. where ~ -1s the frictional resistance to shear and rr,;.- -
-- ·' ~· 1-s the yield stress 1n an un1ax1al tension test. -l1axi-
·mum possible friction 1s therefore denoted by m = / , 
since, according to von M1ses° Criterion, the maximum 
possible value of the shear stress component 1s given by 
?:= 00 · • This concept of friction 1s much easier to v3' 
work with, and probably more meaningful when considering 
the friction behavior in metal deformation, than ... che die 
pressure concept of Coulomb friction (1.e.,t~fwhereP 
1s d1e-b1llet pressure). 
For any combination of variables as functions of 
die semi-cone angle ( lX- ) , there exists an angle whioh 
gives the minimum drawing or extrusion stress (see Figure 
3) • This 1 s the optimal semie=cone angle ( ~Pr) • It is 
possible to find this angle directly from Equations 7a 
and 7b by a method of successive approximations, but it 
is also possible to define the optimal cone angle implicitly 
by differentiation of either Equation ?a or ?b. Where 
this 1s done it gives the expression 
2 .J' 1111 ()(."Pr [ ,/1- /} J' ~.,.,, a o1..,.r 1- (e: •.J' °'op,) [J { -'•,or>) 1. 
. 'J \ (9) . 
. • ,I!- ~o -f ~ {2.c1~ e:,(.~,_, CDJ"o(o.,o,}-~£.: fie_ [:;. 0 - _ ,f- .:s 
~v 
_ I:f' 0/. -< 4.5°, however,.f~)=:::: / ; and the above equation can 
be simplified to read 
- (10) 
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·F~om a processing standpoint, the ability to predict·· the 
optimal cone angle to minimize drawing or extrusion forces for.any combination of external conditions will :result. in 
"increased power savings P the ab111 ty to per:f orm larger 
reductions with.the same power, or a combination of both. 
Maximum Possible Reduction 
In wire drawing, the maximum.possible reduction 1s 
a function of the maximum poasi ble drawing stress that can 
-be applied before the drawn material will break in tension.---------------··-~ 
---~ ~----- --The drawing stress ( Ox.r ) , therefore, can never exceed the 
flow stress of the material ( g;- ) • Either Equation 7a 
or 7b can be solved for reduction as a function of the 
other variables to give an equation of the form 
2 [ J= ( c,I.) -r ;;; (c {;) .,.. ex-.]} (11) 
Substi tut1ng t7; for vxi in the above equation g1 ves, for 
~re drawing, the max~mum possible reduction, or 
Ro .::: £ XP 
R.,. MAJ( 2 [.FCo<).,.;;:, ~ortx.)} (12) Figure 6 shows the maximum possible reduction in wire· 
', 
.drawing as a fUl.)tion of·fr1ct1on Cm) an.d semi-cone 8.?lgle ( ol ). A similar expression can be derived for the maxi-
mum possible reduction 1n extrusion by subst1tut1ng ( ~) tor the extrusion pressure (-Ox.,i- ) 1n Equation llo Vo 1n the case for extrusion, however, is the elastic limit 
,·.'\J 
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for the material on the entrance side ·of the· die. 
Dead Zone Format~on 
' 
' 
. ·16· 
·: , .. 
, As ment1oned 1n the 1ntroduot1on, large cone ansies 
may cause a deforming metal to shear within itself and 
form a dead .zone region (see Figure 2). For any reduction 
through a conical converging d1e, the critical angle ( o(G.,c.), 
(beyond which dead zone will occur) 9 and the dead zone cone 
angle ( o<..1 ) that forms a die-like channel for the deform-
~ng material can be calculated from Equations ?a and ?b. 
Figure 7 summarizes the relationship bet~1een the ori t1oal ··· 
angle for dead zone formation ( o<.cA ) and the dead zone 
cone angle ( ot.1 ) • Assuming von Mises• Yield Criterion, 
the friction between the dead zone surface and the flow-
ing material at o(= CX-1 1s no more than the material's 
capacity to resist shear ( "t' = ~ ) • The friction 
' ;J 
factor (m) is, therefore, unity 1n the case of flolt through , 
a dead zone cone angle, and the upper bound on drawing and 
extrusion stresses can be calculated from Equations ?a and 
?b by substituting o'- 1 for . o<- and unity for m. . As 1n the 
oaae of the optimal cone angle, if the expec~ed dead zone 
cone angle is small, it oan be approximated by 
. -- 3 l'\'o ol./ - A V2. ~ R ' . (13) 
'!'he critical cone angle ( oGc::4 ) may be determined by-
equating Eqttat1ons ?a and. 7b w1 th the Equations determined 
from the ol:z 0'-1 , m=l subst1 tut.ion and rep1acement of o<... by 
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This equation may then be solved for ~.;z. by a method of 
successive approximations. Figure 8 sho1~1s o(cA. as ;;,1 :C ( ... ·.·:~ .. c1on 
of reduction and friction (m). A notable conclusion from 
0 this part of the analysis· 1s that the cr1 tioa1 semi-cone 
angle is always less than 90°. Thus, any finite reduc-
tion through a square die. ( oC = 9~) will lead to dead 
zone formation. 
Shavins. 
Beyond the critical angle for dead zone formation 
( cx.&A/ ) , Figure 2 shows a second cr1. tical semi-cone angle 
.. 
• ( cxcAa) beyond which shaving occurs. The converging_ flow 
terminates at this point and the surface of the rod is 
shaved off. The core moves through the die undeform~d so 
that the exit velocity 1s equal to the entrance velocity. 
This lack of deformation accounts, in part, for the drop 
1n relative extrusion or drawing stress.as shaving begins. 
. 14,22 . Assuming a new velocity field, Feilback and Avitzur . 
have computed the flow patterns, the required forces, and ~ ' 
the conditions ·under wh1-oh shaving occurs. It 1s postu- . 
lated that shav1ng will occur for that range· or variables 
· where shaving require·s less force ~han uniform flow, with 
or Without a dead zone. The resultsi analogous to tho~e 
for metal cutting in ·that negative angles produce a built 
J 
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up edge, are summarized in Figure 9. ---- The transition from. 
dead zone formation to shaving 1s slightly different for r 
-drawing than extrusion due to ·slight differences between 
the entrance and exit velocities for drawn and extruded 
rods. With uniform convergence of the incoming rod, the 
exit -velociity is .. higher than the entrance veloo1 ty, while 
for shaving, the exit and entrance velocities are equal. 
While shaving and dead zone formations are usually· 
considered detrimental in metal forming operations, shav-
ing 1s sometimes helpful 1n the. fast removal of unwanted 
surfaces. An analysis of this sort 1s helpful 1n deter-
m1n1ng when shaving will occur. 
Central Bursts 
Central bursting (or chevron1ng) 1s a rare defect in 
Wire drawing and extrusion, but troublesome i41hen 1 t occurs. 
It 1s characterized, as shown schematically 1n Figure 10, 
by the periodic repetition of a central fracture. This 
internal defect is particularly troublesome in practice 
because no indication of 1t is noticeable on the product 
exterior~ Products with this defeot occur only within a 
unique range of the combined variables of reduotion, die 
cone angle, fr1ot1on, and material properties. 
The sound flow velocity field of Figure S 1s 1n~ 
adequate ·for the analysis of central bursting. Av1tzur9 
,. · has postulated an9-ther. velocity r1·e1d shomi. in Figure 11 -
to account for central bursting. The plastic region does I 
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not extend to the axis or symmetry, and since Zone III 
-
moves faster than Zone I, these two Zones must separate 
to form-a central burst. The predominance of the defective· 
flow of Figure 11 over the sound flow of Figure 4 depends 
-- .. · on which fi®ld requires less energy for the process con-
sidered. A or1terion9 for the range where central bursting 
might occur 1s presented 1n Figure 12. 
.Friction Factor 
Throughout the preceding analysis the fr1ct1on factor, 
, 
I , defined by Equation 8 as the proportionality constant be-. 
tween the frictional force ( 1: ) and von Mises° Crit;erion 
for the 7ield stress (:;;., ), has been included as a para-
meter in all the basis derivations. Taking the friction 
factor as a constant for a given die Eind material unde~ 
constant surface and temperature conditions, and consider-
ing 1t to be independent of veloc1ty,·an expression for 
mis derivable from the expressions for reduced extrusion 
or drawing stress, Equations 7a or 7b. The forces re-
quired to. cause flow through conical converging dies are 
dependent on the cone angle, and, as has been shown, there 
always exists an optimal semi-cone angle ( CXoPr) which 
requires the minimum. force. Differentiating either Equation 
7a· or ?b with respect to oL and setting the derivative 
equal to zero w1ll, therefore, result 1n an equation which 
1m.pl1o1 tl7 expresses. the r~lat.1onsh1p of · the optimal sem1-
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. ' cone angle -( a.,.-,) to the other ·variables. When this 1s - -· 
This equation can then be solved form to yield 
(16) 
) 
I The above equation 1s an extremely important result 
a1noe experimental determ1nat1on of O'~~,allows a value for 
20 
m to be calculated and, thus, greatly increases the practical \ 
ut111ty of the entire analysis. The experimental procedure 
for determinations ot the friction factor forms a part of 
this thesis and will be considered later, 1n detail. 
Distorted Grid Pattern 
-~ ) 
The study of a distorted grid pattern 1s a powerful 
experimental tool 1n assessing the degree of deformation 
and its distribution in different parts of a product.· 
It can also be used as an analytical tool to determine 
the veloc1t1 t1eld from the observation of an inscribed 
gr1d during incremental steps 1n the deformat1ono A . ' 
atresst1eld 1s then c~lculated from the velocity field 
so determined. This type of 1 anal1s1s, sometimes called 
"v1s1oplast1o1t1," 1s. ful.17 treated 1n Ref'erence .. 15. 
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The assumed velooit1 field atier Avitzur, 6 shown in· 
' 
Figure 4, can be used to predict the relative positions 
ot all points after deformation and, thus, to predict a 
distorted grid patterno _As shown 1n Figure 13, any 
straight line parallel to- the axis of symmetry at a dis-
tance R1 from the axi~ (wh:tch is originally in Zone I) 
will end up 1n the product as a straight line at the dis-
tance R, obe71ng 
R 
-- ------ -- --- -- --------------- --R-
s 
-
-
R, 
Ro (17) . 
Thus, for a steady state condition, a cylinder of or1g1nal 
radius R1 will deform to a cylinder of radiusR, and any 
straight line perpendicular to the axis of symmetry and 
passing through the axis will distort during the deforma-
tion. This distortion may now be analyzed by tracing the 
path of point A (see Figure 13) at a radial distance R1 
on line a, a.cross the boundaries r, and r;, until point 
A is found 1n the steady-state Zone III at a radial.distance 
R from tbe axis, and at a-transverse distance from its 
. ~ 
original position on the perpendicular line •. The trans-
verse distance z , measured from the tangent to the 
curved grid line where 1t crosses the axis of symmetry-
to the position of point A in Zone III, now becomes a 
measure of distortion. This distortion c~ be expressed 
analytically as . 
,., .. .,,... ' 
(/-Coif~) Q-,1co.t"e) 
C oaf 9-
(18) 
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·· where j s l,V If} -
In Equat·1on 18, ~ is the .longitudinal distance that_,, 
·. an or1g1nally · straight grid line has moved parallel to 
the axis of sy·mmetry measured at some distance (R) from 
the center-line of the billet (see Figure 31a). D1v1d1ng 
through by the final billet radius (RJ° ) results 1n the 
dimensionless expressions of ;.,. and ~.s- , which express 
the relative grid line distortion and relative (f1na1) · 
billet radius, respectively. The value of (R) at the 
center of the billet is~taken to be zero (see_ftgure Jla). 
F1gure·l4 shows Equation 18 plotted for several semi-cone 
8 
angles ( ex.. ) with J;/6~)-1 as the ordinate and relat1 ve 
radius ( ~~ ) as the abscissa. D1v1s1on of Equation 18 
by-J;j{;f)a_ I compensates for the effect of reduction on the 
distorted grid pattern, and the distortion shown in Figure 
14 is a function only of oone angle. 
A comparison of the above equation with experimentally 
"'"' 
.determined grid pattern distortion fOl'IJlS a major part of 
; 
. ' this thesis and 1s fully discussed in later sections. 
Strain Rate and Strains -
As a.means of comparison between different modes 
• of straining~ th® effective strain rate ( cp) is an 
accepted measure of the combined effect or strain rate 
components. The effective strain rate 1s defined by 
• 
cp ·- 2 
- ff' • • 7 E..~· t..i,~- . (19) 
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where the strain · rate components ( c..e.;,,,· ) acq-g1re the 
-· 
subscripts r, -f', and e 1n a spherical ooord1!iat;e syste]!l. 
-- . ~ . 
Expressing the strain rates as :functions of the velocity 
.·· ' .... - ' ' . . . 
components 1n the spherical, coordinate systern ot Figure 4 
leads to 
" 
I 
(/J :. 2 ~ /1-: ;_ 3 J/ /- 1 ~ ,r n~ z 9 1 (20) 
where the effective strain 1s a function of the radius (r) 
and the angle { f9. ) • Since the total strain ( ~ ) 1 s the 
integral with respect to time of the effective strain 
rate ( ¢ · ) , the proper integration and subst1 tut1ons10 
Will yield 
• / ,'I f.~)2 ,ii , (p = 2 v/- 1.z.fL.,.,,"" rx.. fa Ro (21) 
t/ I- (~-)2 v_,,N~cx. ' / f<.r _ 
.. which is the expression for the accumulat1 ve effect1 ve 
. ·._6.:. 
strain of an extruded or drawn product. 
_. 
When no distortion occurs (1.e.ol~o), the amount 
of strain at th.e center of the billet (r=o) 1s the same as .. 
at the surface (R=Rr ), and Equation 21 reduces to the 
expression for ideal effective strain 
cP" ;:: 2 4 Re_ 
R.1-
whioh 1s equivalent to the true strain 1n 8.J1 un1ax1al 
(22) 
tension test (t/J:=,&..(,-'EJ), where E 1s engineering strain). 
A dimensionless expression for the relative effect1 v·e ... 
,, 
strain can now be defined as 
-~· 
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<l>o - V / - f;;.)2 if/;>' .a of... ., 
Figure 1S sh~ws the relative effective strain as a function 
of relative distance { :~ ) from the center of a billet. 
A comparison of Figure 15 to the expected grid pattern 
distortion of Figure 14 shows predicted grid d1stortion 
and effective strain to be analogous 1n both magnitude 
and d1str1but1on. 
Through 1ntegrat1on over the deformation volume (V) 
1n Zone II (Figure 1), a practical valu~ for an average 
effective strain rate can be expressed as 
• 
<P ::::. I i (24) V 
Proper substitution ana 1ntegratlon (See Reference 10) / 
I 
will give, for the average effective strain, 
if = 2 .F Co<),£... Ro . 
R.r (2.5) 
and for the relative average effective strain, 
-
rt> ;:: .f {ol.) 
<Po (26) 
The above equation however, neglects shear strains. 
With shear strain taken into consideration, Equation 26 
- becomes 
.. <P/L = ~{cl}+ 
.~ :; (27) 
where ¢A- is defined as the ·00redundant work factor.•• 
Thus, although the relative effective strain at the sur-
-
face increases sharpl7 with cone angle, the average 
7 
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I .,, 
eff~ot1ve strain .f(~takes the entire billet -1nto con-
sideration and changes only moder~tely with cone angle. 
Table VII (Appendix) iists t:alculated values of .f{o1..J · 
and shear losses ( ~~ -coroG) for angles from l to 90°. 
. J"/N o<. 
Remarks on Analysis 
25 
In the past, practical metal forming processes such 
as drawing and extrusion h·ave been more art than science, 
and, to a large degree, this is still true. External 
' 
variables such as the optimal cone angle to minimize draw-
ing or extrusion force,· type and degree of lubrication, 
;/ 
die land, and back stress are usually determined by oostiy 
trial and error techniques. Once determined, these con-
ditions are applicable only to one set of process condi-
tions and desired product. As soon as· the process cond1-
, 
t1ons and/or product change an.other series of costly 
experiments is needed to define a new· set of op:tima.l 
conditions that will avoid defects and give the desired 
form and physioal properties to the produott. 
,, 
The foregoing analysis attempts to deal analytically 
with drawing and ext:rusion andi) thus, enable predictions 
or intelligent estimates of the extr1ns1o variables re-
.quired for desired resutts. The same type of approach 
and analytical reasoning has been applied to other metal 
' «· 
forming processes such as forging, rolling and deep draw-
.ing. These are covered extensively in Reference 4. 
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Purpose of This Studx 
The purpose of ·this study 1s to compare the pre-
·oed1ng analysis with existing- ex-per1mental data an<Lw1th 
dat-a from the present experimental study. Specif 1 cally ;--·-
experimental data obtained by Wistreich!l? Pugh, 17 and 
Av1tzur16 are used together with data from the present 
study in developing a procedure for the determination of 
• 
friction factors~ and experimentally determined flow 
patterns from the present study are compared with those 
predicted theoretically from the ~alys1s. 
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EXPERIMENTAL PROCEDURE 
\ 
Mat~r1al and Billet Preparation-Grid Line Study 
The grid line distortion study was on split and 
gridded billets of AISI 1020 hot rolled steel, hydro~ 
stat1oally extru.ded through semi~die angles ( oL ) of 
2.5, Jo7Sv· SoOo 10.0, 12.5, 17.5, 20.0, 22.5, 35.0, 40.0., 
4S.O and 60.0 4egrees ·at reductions in area of 10, 20, 30, 
40, and SO%. Because 1t 1s a practical material of the 
type widely used 1n current_, production processes, AISI 
1020 steel was chosen for the study. It 1s readily ex-
trud1ble in the as~rece1ved (normalized) state, and 1t 
can be easily machined to close tolerances. 
The steel was purchased as 3/4° half round bars. 
The bars were cut into sections approximately 5u long. 
Two of the 5" half-round sections were put together to 
,,.,----- -- - -. 
make one split billet@ Each split billet was then surface 
ground on the flat faces and machined to within a tolerance 
of± 00001 00 and to the diameter that would give the 
approp~iate reduction through a die exit diameter of 1/4" • 
. 
The 5°0 split billets were each cut in half to yield two 
--b1 llet s approximately 2t" long,·and the ends of these 
were "nosed" to fit the cone angle of the appropriate 
d1e. us~d to ext·rude each billet. Figure 16 shoiis the 
-·· sequence of machining operations f'or final billet prepara-
. tion. The l1ne of separat1on between the two halves of 
._. each billet was kept within .:t 0.002 11 ot the center line. 
- . 
• 
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Figure 17 shows the cross-section of a typical d1e 
~sed for the experiment. The dies are made of AISI Type 
_ 02 tool at~eel, o1l _hardened to R0 S8--60, 'l'he tolerances 
on the die angle and exit diameter are as indicated 1n 
Figure 17. 
28 
A mechanical (tool steel) scriber was then used to 
scribe transverse grid lines on one face of each split 
billet. The scribing was done by hand with the help of 
a tool maker's square. The average depth and width of 
the scribed grid lines 1s estimated at not mv:e than 
0.003 9' and O.Ol", respectively. Since only the d1stor-
t1on of a transverse line 1-;as ·of' interest in tl11s study, 
no longitudinal lines were scribed, and the distance be-. 11 
tween the scribed lines was not controlled. Figures 27a 
and 27b are photographs of a partially extruded billet 
showing the grid lines before and after extrusion. 
,...,-- -·-------~ -
Equipment and Extrusion Techn1gues-Gr1d Line Study 
All teats for the grid line flow study were performed 
• 
on the hydrostatic extrusion equipment purchased by 
Lehigh from Pressure_ Technology of America, Inc. under 
combined AISI and NSF Grantso The details of this equip-
ment are shown in Figures 18 and 19. This unit 1s capable 
ot 
) . 
(l) Extrusion from a pressurized chamber into atmospheric pressure (fluid.extrusion); 
(2) Extrusion by a pressure differei~tial across · a die ope11t. z: -- "·11ere the billet 9 die, and product a.:.·:· .. - .,:'~·t pressures greater than 
atmospheric (fluid-to-fluid extrusion); 
I" 
.. ,t_i' ··: 
~ .. ,r 
.. (j-) 
(It) 
· 29 
I ·, 
Practical extrusion pressures up to 400,000 psi, with a possible upper 11m1t of 600·,000 psi~ snd · 
~xtru.a,1on and b~ok· pressure detern11nat1ons 
aoou~ate within f 20 PSio 
The chamber 1s capable of such high pressures because of 
the constraining force supplied· when the tapered chamber 
' 
1s forced upward into the inside diameter of the rings. 
There are four 1nd1v1dual r1ngs, each with a tapered 1n-
·s1de diameter. When properly assembled, the rings form 
a tapered channel wh1oh mates with the tapered outside 
surface of the chamber. 
The unit 1s equipped with three separate hydraulic 
pressure systems: one to provide extrusion or top pressure,-
one to provide back or receiving pressure, and one to 
provide the pressure that forces the chamber into the 
rings, to create a lateral constraining force to oppose 
the pressure generated within the chamber. All pressure 
systems are hand pumped and each has 1ts own pressure 
gage. Figure 21 is a photograph of the control panel, show-
ing the gages, pump handles, and control valves. The ex-
trusion pressure system 1s equipped with a double action 
valve, allowing retraction of the extrusion ram after 
extrusion. 
The top piston housing 1s anchored to the "head.•• 
--- -
When fully assembled for a run, the head sits on top of 
three .vertical columns which, in turn, are rigidly fastened 
"to the base of the unit. Three hexagonal nuts seoure the· 
.. -.. 
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head to the columns, and the head 1 s raised or lowered ... 
by means of a pulley. The topmost -constraining ring 1s 
permanently fastened to the- head, '·but the _other three can 
be individually removed from around the ·chamber and are 
" 
.. 
.not fastened to each other. There is an undercarriage 
assembly (not shown 1n the photographs) that attaches to 
the head and allows- all four rings to be lifted along with 
the head with the pulley. The three bottom rings can be 
lifted on and off the chamber by hand 1f this undercarriage 
1s not used. 
The bottom piston housing sits on a base symmetrically 
placed between the three vertioal columns. The housing 
is in no way attached to th1s base and, when the unit 
.is disassembled, may be completely removed from 1 t. There 
1s a scr1b~d ring 1n the base which allows pos1t1on1ng of 
the housing so that the chamber, which sits on a lip near 
the_ top of the housing (see Figure 19), lines up correctly 
to receive the top piston. This base, as shown in Figure 
18, 1s actually an hydraulically equipped platform that 
appl1es an upward force to the bottom piston housing 
-
which, in turn, forces .the tapered chamber to "wedge" into 
" the rings. In the fully assembled unit, this force is 
opposed by the head, and the wedging effect of the chamber 
pushing into the rings converts the vertically applied 
force into a lateral. constraining force • 
. 
· A typical hydrostatic extrusion run, complete. w1 th 
· back pressure, would include the · :f ollow1ng steps: 
f··--
' 
- ~,--c:--:'""' ______ ,~_--.. _ .. .~;_,,-.0".'""'""":. -~. _ ...... ; >....., . ~~~~~------_-.<,,_"""!'"',,,·.;-~:--~-, ·:~:-: ,....... , ..... :,-:allll __ llallllllllllillallll ..... ___ -•,L ---;·._:.··-·::·_,., .- •.i_!:.,C'i:<-J<·.··-• --:-::•:.: ,•,-.. ------------
:~ '>p ri 
~: J ,_ 
,..l · 
I' - -f. 
~ . 
i· 
... 1 ..• · 
,.• ... 
•• ... I 
.. )l 
.. (l) The chamber 1s placed onto the bottom piston housing such that the bottom piston partially 
ente~s the chamber. (See Figure 19.) 
. 
(2) · Hardened tool steel spaoers·are inserted from 
the topo These are cylinders, each approximately 
an inch long, of ·an internal diameter greater 
than the diameter of the bottom pistono Thusi --
they slip over the bottom pis~ton whei1. 1n·serted 
into the chambaro (See Figura 180) 
(3) A suitable liquid medium (oil+ kerosene, for 
example) is poured into the chamber, level with 
the top of the highest spacer. 
(4) The extrusion die (see Figure 17) 1s fitted 
with the proper "OH rings, inserted into the 
chamber, and pushed until 1 t · rests on the 1,ast 
- spacerG 
(5) The billet 1s placed 1nto the die, seal1ng off 
the bottom part of th-e chamber. 
(6) A suitable liquid medium is poured into the 
chamber to a level that will still allow in-
sertion ©f the Bridgman Seal (see Figure 19). 
(?) The Bridgman Seal is inserted so that its top half is partially out of the chamber. 
(8) The chamber is painted with a mixture of 
graphite and grease to prevent galling of 
(9) 
(10) 
(11) 
(12) 
- the chamber surfa©e by the const~ainirig rings. 
\_ The three lowe:r constraining rings a.re placed --
around th® chambero (These may also be lowered 
along with the head.) 
The bottom piston housing and chamber are 
positioned within the scribed circle on the 
constraining pressure platrormo 
The head along with the top constraining ring (or, alternately 9 all four rings) is lowered 
onto the three vertical @olumns and secured 
with the hexagonal n:ut so " 
The top extrusion ram is positioned to mate 
·with ths top ot the Bridgman Seal • 
. '(13) A few pounds of constraining pressure are 
applied to seat the chamber in the rings. 
• 
.. .. 
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· The receiving pressure, extrusion pre·ssure, 
and.constraining pressure are built up simul-· 
taneously in. the- f olloi1ing manner g 'Ine ex-
trus1 on pressure is maintained at a level 
_approximately l.00 l.bso grea:'ce:r ~than Jche re-
ce1 ving pressure an.d. the constraining p1",)essure 
1s kept at a level approximately one half of 
. the e:n:trusi on pressure o This insures Peha t the 
billet wil1 remain seated in the die and that 
sufficient constraining force will be main-
tained at all times. 
The rece1 ving pressure 1 s held constant at 
the desired point and the extrusion pressure 
1s increased until extrusion takes plaoeo 
When fluid extrusion into atmospheric pressure is 
desired, the bottom p1s~on is removed, a plug 1s screwed 
into the bottom of the chamber, and the extrusion and 
constraining pressure are simultaneously increased (at the 
same 2:1 ratio. as above) until extrusion occurs. 
Figure 20 shows the chamber dimensions and maximum 
stroke lengths of the extrus~on ram and receiver piston. 
Although the chamber bore diameter is l/2H, die design 
11m1 ts maximum 1n1 tial b111et diameter to approximately -
. 0. 400 n. The final b1 llet diameter 1 s 11m1 ted by the 
<• 
1ns1de diameter of the too1 steel spacers located below the 
d1e. ,This dimension 1s variable, but for flu1d-to-flu1d 
extrusion (1.e., with back pressure) it can be no larger 
\· 
than the diameter of the receiver piston (3/l6tt). S1noe 
the spacers must withstand the full.force of the extrusion 
pressure, the upper l1m1t on the inside diameter will 
depend on the strength required which, 1n tuzn» depends 
,, 
on the.pressure level needed to extrude. For extrusion· 
pressures up to 400,000 psi, 0.280" I.D. spacers of AISI 
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. 02 tool steel, hardened to R0 58-60, have worked well. 
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/, Spl1t~B1llet Extrus~on 
All split billets were hydrostat1cally extruded 
1nto atmospheric pressure~ Table I shows the initial 
diameters used to achieve reductions of 10, 20, JO, 40 
and 50% through dies of 1/4" exit diameter. 
In the course of the experimental work; leakage of 
the hydraulic extrusion liquid at the interface between 
the billet halves was encountered. In addition, d1ff1oulty 
was encountered in maintaining a· b1lle·t-d1e seal when 
attempting to extrude small reductions through large cone 
angles& . To overcome this, each split b1llet 9 after assembly 
of the two halves, was immersed in warm 11qu1d beeswax. 
The beeswax solidified on the cold metal to a depth of 
approximately 1/32", effect1vely sealing off the joint and 
remaining tacky enough to seal the billet into the die. 
" Sealing the billet int<> the die was a major problem. 
Thecomb1nat1on of small reductions and large cone angles 
was particul~rly troublesome, since only a very small 
portion of a billet's "nosed" end came 1nto contact w1th 
the die wall. Beeswax worked fairly well as·a sealant 
but, on the average, two extrusion attempts were made be-
fore a successful seal resulted. It was also found that 
the beeswax tended to increase the friction factor (m), 
thus making it difficult to extrude through very small 
angle dies where billet die surface contact 1s large. 
-. ;.~ 
.A friction factor (m) was computed for this series of 
extru.s1ons and is included 1n the "Resultsn section. 
The ext1~sion medium for·~most of the extrusions 
l was Permatex hydraulic jack oil. For some of the larger 
' 
reductions, however, the extrusion pressure became so 
great that the jack o1l very probably became sem1-sol1d 
and no longer transmitted force to the billet. This sem1-
freez1ng of l1qu1ds under high pressure was also noted 
by Pughl7 in the course of h1s experimental work on hydro-
static extrusion. For a few of the billets, therefore, a 
mixture of jack oil and kerosene was used as the extrusion 
medium (see Table II for details). 
9r1d Line Measurements 
Grid line distortion was measured with the a1d of 
the optical system of a "Tukon" microhardness tester. 
This instrument was convenient for making the measure-
ments. It is equipped with a stage capable of motion 1n 
two perpendicular directions and graduated in 0.001 mm 
increments. The F1lar eyepiece was combined with a lOx 
objective, and the moveable hairline was calibrated with 
a stage m1crometero The eyepiece was found to traverse 
the magnified field at 0.095 mm per dial rotation using 
the lOx objective. Since the dial is divided into 100 
graduations, this allowed eyepiece measurements within 
. 0.00095 mm. 
The grid lines were found to be unsymmetrical about 
ti' 
3S 
• 
·r 
" the longitudinal axis ot the billet in almost all oases. 
The chief cause of this 1s most probably the anistropy 
..... 
·and.segregation inherent within hot rolled 1020 steel, 
although m1sal1gn.ment of the billet 1n the die may also 
have contributed. It was decided~ therefore, to measure 
both sides of two grid lines on each billet, arid take the 
average as the final value for comparison with theoretical 
. values. The procedure was as follows: 
· (1) The billet was positioned with the stage 
so that the hairline of the Filar eyepiece 
was perpendicular to the longitudinal axis·. 
(2) The entire 111:idth of the billet was traversed 
on the stage and measured to within 0.001 mm. 
(3) The diameter as measured in step (2) was used 
as a reference and the billet was traversed 
back to its centerlineo 
(4) The Filar dial Tt1as set; on zero, and the apex 
of a deformed grid line was lined up so that 
its external edge was aligned tangent to the 
F1lar hairlineo 
(5) The billet was traversed,widthwise, by the 
stage in increm~nts of Oo7 mm up to 208 mm 
from the oenterlineo At each of the four 
1ncrementsg the longitudinal deflection of 
the grid lines was measured from cPche agzero 
Filar point 110 . base line to the exter-.aal leading 
edge of the deformed line (see Figure )la). 
(6) Step (4) was repeated on the other half of 
the billet. 
(7) Steps (4) and (5) were repeated on another 
grid line on the same billet. 
· It was .decided not to attempt .measurements of the 
deformed grid line right up to the edge of the billet, 
since the extreme ends of the lines at the edge of the 
'· 
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billet were often obscured. A convenient increment, 
0.7 mm, was chosen to cover most of the billet radius 
1n four measurements, without including the extreme · 
billet ·edge. All billets had a nominal extruded diamete-r-
of 1/4... No· regularity was maintained 1n selecting the 
two grid lines measured on each billet. The lines 1t1ere 
selected on the basis of which seemed the most representa-
tive of the deformation. Since the front of the billet 
was "nosed" to fit the die angle and the rear was dimpled. 
-
or piped after extrusion, lines were usually selected 
somewhere 1n the middle of the billet. 
T~ check the accuracy of the measuring procedure, 
. 
two billets 1n addition to the billet in the regular 
sequence were extruded at a reduction of 30% through a 
sem1-d1e ang1e of 22.50°. ., The results are compared 1n 
Table III. In theSE£Ond. column the R values (0.7 mm in-
crements) are divided through by the final billet radius 
{Rr). Eaoh va1u·e in the AVE ~fa.s: column is the average of . 
four measurements made on two grid lines for each R/Rf 
value. 1s the measured transverse deflection of the 
· grid line. The third column shows the result of dividing 
---. 
. 3 
each AVE ~.F value by @afaJ-1 . , which cancels out 
the effect of reduction. · The values at corresponding 
pos1t1ons of each billet differ because Rr was not exactly 
the same on everr billet. This can be attributed to slight 
differences 1n the exit diameter of the dies, d1e wear, 
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·and., poss1 bly •. different amounts of elastic reco~ery -. 
after extrusion. 
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Friction Study . , .... _._ .. _. .. , .. .to,::·:' .. , .. , •. ~-- ..... ~ ·- .. 
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In the present study, two series of rod drawings 
were performed; one with plain low-carbon steel (C=0.011 
to Oe020 atomic percent) and the other with a standard 
AISI C 1024 carbon .steel with l.35~lo65% manganese. Both 
steels were originally 1n the annealed condition. 
All of the drawings were performed on a Waterbury 
Farrel Instrumented Laboratory Draw Bench (8000 lb capac11ty). 
This instrument, shown 1n Figure 22 1s equipped with a 
load-measuring system, a stroke-measuring system~ and a 
"w~dg·e-type" gripping device. The load-measuring system 
consists of a Wheatstone bridge configuration of SR-4 
type strain gages mounted on a tensile load cell (see 
Figure 23) e Made of "Lehigh H" (AISI D2 high carbon, 
high chromium, air-hardening) tool steel, the tensile 
load cell has a uniform cross-sectional area of O.l sq. 
1n. over a two-inch gage length. A steel housing covers 
·the load cell and aligns it with the rod grip and· the hy-· 
draulio draw rod. The strain gage bridge 1s oom1ected 
to a Leeds and Northrup Company strain gage module (Model 
8321) which supplies a const·ant voltage to the load cell 
and.monitors the signal-output of the strain gages. The 
-
~ amplified output from the strain gage module 1s fed to 
the "drum" side· of a Mosl~y Autograf X-Y Recorded (Model l) • 
• 
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This provides a continuous record of the load throughout 
the _drawing operation. 
The stroke-measuring system has a four-toot dis-
placement transducer (Research Inc. - Model 4040) -mounted 
on the bed of the draw-bench. The transducer is connected 
-
to a displacement indicator module (Research Inc. -Model 
Dl-4095) which supplies constant voltage to the transducer 
and monitors the signal output. This module, in turn, 
· put's out a signal which is fed to the pen side of the 
-Mosley X-Y recorder. In conjunction w~th the load-measur-
ing system, the stroke-measuring system provides a con-
tinuous record of load at all points of the drawing stroke. 
A typical load=,stroke diagram is shown -in Figure 24. 
Before each series of tests, the load cell, strain 
gage module, and X-Y recorder were connected as in a nor-
mal drawing run and calibrated by applying accurately 
known loads to the load,_ cell on an Instron Testing Machine. 
The accuracy of the load-measuring system was found to be 
,.4' 
within f 15 lbs. over an applied load range of Oto' 4500 
lbs. 
For each of the two test ser1~s, 8 rod~, each 
approximately 9" long, were m~ch1ned to the appropriate 
diameters to give reductions in area of 2, 5, 10, 15, 20, 
2S, 30 and 35%, respectively, when drawn to a final diameter 
of 1/4". S1x tool steel d1 es,· · all w1 th ex1 t diameters of 
l/4" and sem1-cone angles ( oL ) of 2.75, 6.50, 10.05, 
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1.5.60, )0.40, and 44.6;0 , respectively, were used in both 
_ te·st series. 
. ---
. 
For each rod in both-test series, the test pro-
cedure consisted of: 
· (1) Swaging a length of approximately one inch on 
one end of the rod down to a diameter that 
would allow insertion of the rod through the 
die and into a position that would permit 
gripping of the swaged end by the wedge grips. 
,I 
(2) Lubricating the rod, by hand, with Lubrx 
Drawing Compound Noo 2009. 
(3) Pulling the rod a length of approximately 
one inch through the die with the smallest 
semi=cone angle ( o<- s 2. 7.50). 
(4) Removing the rod from the first die, re-
lubric~ting the rod, and pulling ltj again, 
a distance ot approximately one inch through 
the die with the next largest cone angle. 
(.5) Repeating this procedure until the rod has 
been pulled through each of the s1x dies. 
In this manner, each rod of each diameter of each 
steel was pulled through dies of six different semi-cone 
angles. The :f oroe to perform each draw was measured on 
the Mosley-X-Y recorder. 
For each series of tests, draW1ng stress ( o x:r> 
was then plotted against semi-cone angle ( oL) with re-
duction as a parameter. The curves for low-carbon steel 
are presented in Figure 33 and those :for Cl024 steel in 
Figure 34. A 11.lne was drawn coi:mecting the minimums in 
the curves for each reduction. 
• At the point where this 
line intersects each curve, a value of semi-cone angle 
( o(_ ) was read off the abscissa. This value now becomes 
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. -. ·.· ... ·· ol...o,,r1n Equation 16 and 1s used to calculate the values 
of m andµ ._as presented 1n Table IV. In the Cl024 data ,· . 
' -·-
' . 
. 
___ ·c=--(F1gure 34 )", . no minimums were. f_ound 1.n the curves for 2, 
S,·10~ and 15% reduction. Consequently, these curves 
- . are not included and no values of ot."'°r are reported for 
these reductions. 
W1stre1oh7 determined the variation of reduced draw-
ing force with die angle for previously cold worked electro-
lytic copper. Using sodium stearate in methyl alcohol as 
a lubricant, he obtained the data presented in Figure 35. 
W1stre1ch also measured the Coulomb coefficient of friction ( µ ) us1ng a split die technique. Briefly, his procedu·re 
was to split a wire-drawing die 1n half longitudinally, 
measure the force that tends to separate the two halves 
co~currently with the drawing force, and then calculate 
the mean coefficient of fr1ot1on directly from measure-
ment. The measurement of the separation force, however, 
presents some difficulty, since the die halves must remain 
in ·contact during the experiment, or otherwise, fins are 
formed on the wire. Wistreich attempted to solve this by 
pressing the die halves together with force H, which was 
progressively reduced from H > S (S == separation force) to 
H < S while drawing proceeds. The quantity (S-H) was 
' held to be negligibly small when the gap between the die 
halves was at l.east 0.00025 inches. Thus; through use of 
I 
a known holding :force, H, and a dial gauge graduated 1n 
'Wl1ts of 10-4 W1stre1eh was able to measure the separa-. , 
t1on force at 1111 points dur1ng the draw. The-- tests were 
' 
> 
-terminated after appreciable separation (0,003 to o.oos 
inch). and the drawn wire was gauged 1n the planenorma.l to 
that of separation by means of a f1duo1al micrometer. 
-
-This procedure, while workable, requires sophisticated 
equipment and 1s difficult to do accurately. 
Yang18 used a similar.split-die technique for measur-
ing friction coefficients (f'l,) in the drawing of pure 
aluminum and zino wires (annealed). His method,_ however, 
was to enclose a split die 1n a die plate with a curved 
opening near the.periphery. Into this curved opening he 
placed a thin ring of aluminum alloy on which four vertical 
strain gages were attached and which measured the separating 
:force. Although during drawing, metal squeezed out into 
t~e gap of the split die to form fins on two sides of the 
drawn wire, Yang believes that the split die opened 1n his 
tests at a much smaller gap than·in Wistre1ch's test. This 
method, while more direct than W1stre1oh's, still requires 
complicated instrumentation. _ 
...__ Av1tzur and Sortais16 obtained data for the variation 
· of extrusion pressure ( U";(r ) w1 th semi-cone angle ( oL ) 
and reduction for ram-type hydrostatic extrusion of lead. " , 
This data 1s presented 1n Figures 36 and 37. 
Av1tzur and Sorta1s used an Amsler hydraulic press 
I . 
,. 
/ 
. ~ 
• 
~.42 
·to.supply ram pressure and thoroughly cleaned eaoh lead 
billet with carbon tetrachloride before each extrusion. 
• I 
- Th.e pressure-transm1 tt1ng liquid (SAE_ 30 oil 1n the case · ~. 
. ~ 
of Figure 36 and SAE 30 + MoS2 in the_case of Figure 37) 
also served as a die lubricant. Ram speed remained con-
stant (l.O 1n/m1n.) throughout the experiments at all 
working pressures. 
Figures 38 and 39 reproduced from Pugh's work 
(B.eferenoe 17) show the relation between maximum extrusion 
pressures and die ~gle for a number of different extrusion 
ratios for copper (Figure 38) and Armco Iron (Figure 39) • 
. The pressure-transm1 tt1ng liquid and lubricant was SAE JO 
. 
mineral oil+ Mos2• The curves. for an extrusion ratio of ·-··;:r~- , 
' S with Armco Iron and 11 with copper are inconsistent with 
the rest (extrusion ratio (r)=;: (original area)/(f1nal area). 
' 
Pugh supposes that this is probably because SAE 30 oil 
freezes· at pressures above about 65 tons/in2 and therefore, 
he holds these results to be unreliable. 
All of the data obtained from the above investigators, 
7 16 17 W1s1lre1·oh, Av1tzur and so.rtais, and Pugh, was analyzed 
in the same manner as data obtained from the present study. 
' 
That 1s, for each set of curves shown in Figures 33, 34, 
35, 36, 37, 38 and 39, a line was drawn co~nect1ng the 
minimums, a vaiue of the optimal semi-cone angl~ ( ol~,-r) 
-· 
was read off the abscissa where this line crossed the 
curve for each reduction, and values of m ( £ 9· /o ) , p 
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· and (/~ and (7 p (the standard deviation from the mean), 
were calculated. Values of "m average•• and ''~average" 
w.ere · also calculated. 
Extended Stress-Strain Curves 
,... (····· 
Extended stress-strain curves were constructed for 
the low carbon, AISI 1024, and 1020 steel. These are 
' 
.shown 1n figures 41, 42 and 43. The data used to construct 
.. 
the curve for 1020 steel was taken from a rod drawing_ ex-
periment done as a laboratory exercise. 
In all cases the procedure was to draw one rod 
through the optimal cone angle for each reduction, maoh1ne 
. a tensile specimen from that rod, and run a tensile test 
on the speo1men. An Instron Testing Machine was used 1n 
comb1nat1on w1 th a strain gage exttensiometer to plot out 
load-elongation curves. The portions of these curves up 
to the ultimate load were then converted to true stress-
true strain curves. 
The extended stress-strain curves were constructed 
by superimposing the curves obtained from test specimens 
r~duced by various percents on the same true stress-true 
strain axis, d1splao1ng each ourve along the a1osc1ssa an 
amount equivalent to the true strain caused by the reduc-
tion (1.e~ ¢ .. = 2 .ln :; ) , and connecting the y1eld 
points of these curves*' This is a convenient way to 
extend the stress-strain curve of~ a material into the 
r· plastic ~eg1on, and, for a strain hardening material, 1t 
can be used to estimate the flow stress ( rr;;- ) for any 
percent reduction. 
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RESULTS 
.. 
. . .. , 
·1. 
Grid Line Distortion Study~-
The results of the hydrostatic extrusion runs are 
presented in Table II, which includes observed extrus1__0n 
- pressures, conditions, and any observ·ed extrusion defects 
such as dead zone or shaving.-
The results of the grid line measurements were 
plotted 1n several different ways. Figures 45a through 
45k (1n the Appendix) present the data for each separate 
oone angle~ showing data points for all reductions. Figures 
46a through 46e present the data for each reduction, show-
ing data points for each cone angle. In Figures 45 and 
46 a comparison is made ,11th the theoret1call·Y predicted 
grid line flow computed from Equation 18. 
In order to simplify the comparison, the curves 
from Figures 45a through 45k were superimposed on one 
graph, but, to avoid confusion, no data points are shown. 
This plot 1s shown in Figure Jlb. Also included 1n the 
Appendix, (Table V_) are the actual measured values used to 
plot the graphs. In Table V, four (~)values were 
measured for every (R/Rr) value ·On each billet~ In all 
cases, the measured grid line flow ( 2 ) was first 
divided by the final billet radius (R..F· ) to make 1 t 
d1m,ens1onless. The values under the ( o/R.s-c,J) 
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-· present the measured reduced ( 2 ) values on both sides 
. of the axis of symmetry for the same (R/RJ - ) value and 
. -tor one grid 11·ne, The co.lumn head·ed (,.i::/~,t.;"~) tloes the 
' same for the second grid line measured on th-e same billet. 
These values were then averaged and divided through by 
· (f/!~~3 • -Yto cancel out the effect of !'eduction. The 
resulting values were then plotted vs. R/RJ to obtain 
Figures 31b, 45, and 46. Theoretically, column E of Table 
V should give exactly the same number for any~one cone 
angle at corresponding ~/Rf values. The data plotted 1n 
Figure 4S, therefore, serves ·~u .shol-1 the data spread, 
since the points for constant-cone angle should co1no1de 
for all reductions at corresponding R/R.; valu'es. 
In addition to the hydrostat1cally extruded split /~-
billets, three split and gridded billets of AISI 1018 
steel, hot extruded at various temperatures by conventional 
means, were obtained from the Experimental Metals Process~ 
1ng Laboratory of the Wright Patterson Air Force Base. 
The measurements made on these are included in Table VI 
(Appendix) and plotted 1n Figure 32. All conditions on 
the billets are identical, except the extruding tempera-
tures. 
Figures 25 through 30 are maorophotographs of 
selected billets. Figures 25 and 26 are representative df 
the deformed grid lines of suoeessful extrusions. Figures 
27 through 30.show unsuccessful extrusions, but they are 
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' . ' . 
of interest 1n showing, respectively, partial extrus1o~, 
chip formation during shaving, partial shaving,_and 
--
•4 
· bulging before --dead zone formation--. · 
. ,<.O . 
·- Friction Study 
- Tp.e 'analytical procedure applied to the rod drawing 
experiment~ for the measurement of friction factors (as 
' 
.. 
explained under "Experimental Procedure-Friction Study") 
was applied to the extrusion- pressure data presented 1n· 
Table II. The plot of-extrusion pressure vs. semi-cone 
angle used to determine the optimal cone angle for each 
reduction is shown 1n Figure 40. ~he results of the 
friction study on both rod d~awing and hydrostatic ex-
trusion are presented in Table IV. 
In addition, the flow stress ( rr;- ) for each re-
duction of the hydrostat1cally extruded 1020 steel ~as 
estimated from the extended stress-strain curve of Figure 
41. This was done by measuring half the distance from 
'\ 
the or1g1n to the displaced starting point on the abscissa 
of the appropriate stress-strain. curve for each reduction, 
' drawing a line parallel to the linear portion of the curve, 
, and reading a value of r,;- off the ordinate where this line 
intersects the extended stress-strain curve. The ex-
trusion pressures ( Vx# ) were then divided by the values 
of (I;' for eaeh reduction to obtain the dimensionless plot 
of reduced extrusion stress shown in Figure 44. 
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-- Grid,-· Line D1.~tor~1on ·study -
The agreement of the average experimental curves 
with the theoretical curves for grid line flow·· (Figure 
)lb) 1s remarkably good in light of the following facts: 
(1) Hot rolled 1020 steel, although an extrusion material 
of practical interest, 1s anisotropic, full of inclusions, 
and apt to g1ve unsymmetrical flow patterns •. (2) The 
grid line deformation was, 1n all cases, so unsymmetrical 
aboil.~ the longitudinal axis as to1necessitate an averaging 
technique 1n order to obtain reproducible results. 
In all cases, the experimental curves in F1gur~ 
3lb are slightly more deformed than is predicted by 
theory. All of the curves, however, show the expected 
increase 1n deformation with increasing cone angle. The 
curve for ot.- = 45° 1s not shown 1n Figure ;lb. The data. 
for this curve is presented 1n the Appendix, Figure 45k. 
A semi-die angle of 45°, for·many of the reductions, 1s 
close to a shaving or dead zone region (see Figures 8 
and 9), and only two successful extrusions (30% and 40%) 
• 
. were obtained/at this cone angle. In light of this, and 
because the liquid medium ~for. extrusion was1.:varied for 
• • 
certain-runs at this angle (see Table II), this data is 
held to.,be unreliable and 1s not plotted in Figure Jlb • • 
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~s a partial explanation for the discrepancy between-
' 
- the experimental and theoretical curves, the~e is some. {) 
-- -
------- --~-.--,-
V 
.,' .. 
t, _: -
-ev 1 den c e that fr1ot1.on- may affect the deformed grid 
patterns. Pugh (Reference 17, page (3)36) mentions the 
poss1b111ty that the lower fr1ot1on 1n hydrostatic extru-
-s1on might partially explain the fact that redundant work 
(shown by grid line distortion) 1s less than for conven-
t1onal extrusion. Male,?0 1n his investigation of tempera-
ture effects on the frictional behavior of metals during 
mechan1oal working has noted that when MoS2_ is used as a 
lubricant, the Coulomb coeff1c1ent of friction ( I"- ) for 
'ti tan1um ring specimens tends to increase after approxi-
mately l400°F. The data plotted 1n Figure 32 from the 
Wright Patterson Study was obtained on billets hot extruded, 
by conventional means, using MoS2 as a lubricant. All of 
< th~ experimental conditions were identical with the excep-
tion of extrusion temperature. The results, as indicated 
1n Figure 32, show incregsed grid line distortion with 
increasing temperature. It 1s well kno'W?l (see for example, 
References 11 and 17) that the billet-container friction 
present in conventional extrusion causes severe "dragging 
- back" of the grid lines at the periphery of an extruded 
. ,IP billet. Table II shows that, probablf due to the use of 
beeswax as a sealant, the friction factor (m) of the billets 
extruded 1n this study 1s relatively high (0.155) for the 
process of hydrostatic extrusion. The analytical equation 
- . 
I,~, 
...... 
__ :~. - -
\ 
• • 
. -,.,.:-·: ',. :, -~--: .·. 
.. 
I 
desor1bedby the theoretical plot of Figure ;lb does not 
include friction as a factor, but the regularity of the 
experi1nental '0data,· uniformly higher than. the theoret1cal 
predictions, would indicate the possible existence of yet 
another factor necessary to describe meta1 flow through 
;,. . .,,..~ . 
conical converging dieso There 1s a good pos'.s1b111ty that 
th1s additional factor is friction. 
The defective samples (see Table II) also provide \ some interesting compar1\sons with the theoretical pred1o--
t1ons for dead zone and shaving of Figures 8 and· 9, · 
respectively. The samples extruded at a 20% reduction 
through semi-die angles of 45 and 60° both show the very 
poor surface condition oaused by dead zone formation, and 
both, at the friction level measured (m=0.155), fall within 
the conditions for dead zone formation shown 1n Figure 8. 
or the samples which definitelJ shaved, shown 1n Figures 
28 and 29, only the JO% reduction through a semi~die angle 
of 60° (Figure 28) is predicted from Figure 9. On the 
. ' other hand, the 10%-3.5° extrusion 1s soun·d, and Figure 9 · 
predicts that it should shave. The bulge before dead zone. 
formation in the partially extruded sample of.Figure JO 
(40%-60°) 1s definitely predicted by Figure 8 and a dead 
zone would have formed had extrusion been continued. The 
predictions tor dead zone formation (Figure 8) were en-.o 
tirel1 accurate for the very limited number .of extrusions 
{I 
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· attempted in the dead zone region, while those for shav·1ng 
w.ere about .50% accurate. since the nllJJ!ber of exp.er1mental 
. : samples showing these defects was so 11ml ted, · however, no I 
def1n1t1ve statements can be made concerning the accuracy 
. 
··-
of the analysis. 
... ·--·~--
The sample partially extruded· at SO% reduction through 
a ·35° semi-cone angle (See Figures 27a and 27b) shows a 
gr1d line before and after deformation. Contraction at 
the die inlet is evident, a s1tuat1on peculiar to hydro-
static extrusion. Also ev1dent in Figure 27b is a sur-
face of velocity d1scont1nu1ty, clearly shown by the 
border between the light=appearing and dark-appearing 
regions of the metal 1n the deforming reg1on (Zone II 1n 
Figure l). Surfaces of velocity d1soont1nu1ty are, ·of 
course, fundamental to the analysis. 
Although the accuracy of the optical-stage sys_tem 
used 1n measuring the grid lines was within 0.001 mm 
(0.0004tt), 1t wasd1ff1oult to line up exactly on the 
outer edge of a grid line for each and every measurement. 
This was due to the slight irregularities caused by 
mechanical sor1b1ng and magnified appro;Kimately 100 
times by the,opt1cal system. The accuracy of the measure• 
ments, however, is held to be at least l/4 the average 
gr1.d 11,ne width or 0.0025••. 
The feasibility of using an averaging technique on 
the unsymmetrical g~1d lines 1s verified by Table III,' 
' • ..i.<lo." 
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where the largest discrepancy between any two measure-
ments, at the same nominal R/R.F value, 1s 0.011 .. •. 
·Further verification of the soundness of the experimental · 
procedure '1.s the regular and consistent increase of the . 
grid line deformation with increasing cone angle and re-
duction shown in Figure Jla. The same regularity 1s 
evident in Figures 40 and 44 where the extrusion pressure 
and reduced extrusion stress., respeot1veJ.y, are seen to 
increase with cone angle and reduction, Any large 1r-
regular1t1es 1n extrusion pressure were caused by dead 
zone formation, shaving, or sem1-solid1fication of the 
liquid extrusion media resulting 1n 1neff1c1ent trans-
mission of pressure to the billet. The latter effect 
caused such high pressures that the run was usually ended 
with only a partial extrusion. 
I , 
Friction Study 
The friction study was undertaken to develop a 
simplified procedure for the determination of fr1ot1on 
factors (m) and friction coefficients ( ~ ). Consequently, 
the experimental procedure, previously discussed, forms a 
main part of the results. The main point here 1s that 
the procedure is simple, and requires only a measurement 
. 
' 
of the drawing or extrusion forces, and can be applied to 
.. ex1st1ng production equipment in the shop, under·the condi-
tions· that the resulting friction information will be \· 
>. 
applied •. Although it can be .argued that die pressure 
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·. measurements have been used to d1re_9tl1 determine a 
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· ·_ Coulomb coefficient of fr1ct1on ( µ ) , these: .. ·prooedures, 
n.ecess1 tate compl1oated instrumentation and are best 
performed in a laborato,ry. Unfortunately, production 
conditions cannot always be duplicated exactly 1n the 
laboratory. 
.L_:_ . -
It can also be argued tpat the accuracy of the friction 
factor determined by the procedure proposed 1n this study 
is dep'endent upon the validity of the analytical .methods 
needed to apply the procedure. This 1s, of course, true, 
but 1t should also be\ noted. that the analysis and the 
tr1ct1on~measur1ng procedure derived from it form a closed 
system. That 1s, 1f the analysis correctly predicts such 
phenomena as dead zone formation, optimal cone angle to 
minimize extrusion or drawing stress, central.bursts, 
eto., then the actual number put on the friction factor 
(or coefficient of friction) 1s of value as an experi-
mentally determined parameter that can be fed baok into 
the analysis in order to make the analysis of practical 
value. The experimental evidence gathered in this study 
tends to support this view, since at least the ocourrenc~ 
of dead zone was correctly predicted by feeding experimentally .. 
determined extrusion pressure readings into the analytically 
determined equations for friction and critical semi-cone 
angle. 
In th1s study, and- in the analysis, friction is 
-assumed constant for one set of reductions, die angles, 
an~ material. Table IV shows that this assumption 1s 
"- .. 
• 
' l • .~ 
... 
;. 
·•'· 
S3 
reasonable since the frict·ion values· calculated from 
different optimal cone angles at dift .. erent reductions. ar~, 
as shown by the ·standard deviations :rrom the mean, very 
close to one another. From a strictly rigid view, the 
friction values (m or~ ) cannot be held constant through-
out any one drawing or extrusion run. Slight var1at1ons -
1n the original diameter of the bar, extent of lubrication, 
or b111at~d1e surface conditions, will all cause fluctua-
tions in the frictional forces. These slight changes 
are very d1ff1oult to detect and measure experimentally, 
and any analytical attempt to de~ine them would be hope-
lessly complex. In' light of the small differences in the 
friction values recorded 1n Table IV, however, it seems 
reasonable to treat friction as a constant for any one 
set·or process conditions, independent of reduction and 
cone angle. 
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CONCLUSIONS -
\ -
' ' 
,. , .I •. 
- -
' ,, " ' 
.. ·. ,--· .. 
1,· The exper1menial data for gr1d line flow, obtained 
on a practical materia~ (AISI 102o·steel), shows good 
agreement with flow patterns predicted from analysis. 
2. There 1s some 1nd1oat1on that friction may affect 
gr1d line flow. 
' - ' 
3. A s1mpl1f1ed procedure has been proposed for the-
determination of friction values in flow through conical 
converging dies which 1s applicable to existing production 
equipment. 
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SUGG~STIONS FOB FUTURE WORK 
'__:....-,.. 
It a1-ght be of some interest to experimentally 
determine the effect of friction on grid line distor-
tion. This could be done with hydrostatic extrusion 
--. 
by extruding split and gridded billets at one or two 
ss 
of the reductions and over the range of cone angles 
included in this study, but significantly altering the 
friction factor. Therefore, a study would be necessary 
to determine which lubricants, extrusion media, billet 
surface conditions, or a combination of these, are. 
needed to cause a s1gn1f1oant change 1n the friction 
factor • 
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INITIAL BILLET DIAMETERS AND 
CORRESP01'TDING REDUCTIONS 
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' Initial Diameter 
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· ~fZDROpTAT.IC -EXT~USIO~T PRE.SSURE (Es1 x 10-3 VS. PERCENT ·.- · REDUCTION AND SEMI-DIE Al'JGLE ot.. · 
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.Materials A!S:C 10~0 steel, -h-ot rolled. - sp11t billets 
· Liquid Medium: 
__ ,,._. 
Permatex hydraulic jack oil, unless noted belovr~~ 
---· Lubrication: Beeswax on billet, unless noted below* 
. ~-
-0 10 20 30 · 40 50 \ .. -. 
~--'': --
2.50 805 ( 
- 64 
3.75 8.5 25· 44 
· 5o00 r- 7.0 15.5 42 
. 
. .. 10.00 8.5 19 :,5, 
. 
12.50 9.5 23 35· 
17 •. 50 13.5 24 37 
' 20.00 14 •. 5 .. ·· 28 38 ' 
22.50 20.5· 32 .44 . 
.. 35·.oo 44 55· 6~9 
-·-· 
. 40.oo 
-
. 
.64 ·. 0-0): 
,. 45-.00 
- 71 76, 
60.00 
- 90 1152 
' 
·*l. Dead Zone 
2. Shaving " 3. Medium: kerosene + jac-lc oil - 1: l 
·4. Indium instead of beeswax on billet 
-
-
74 
-
. 
67 1054 
62 89 
64 84 
59. 87 
. 
6.2 82 
6.5 88, 
7..0J 
-
105 3155 
105:2 1032 ' 3 
3001 , 5· 1303 
s-. Partial Extrusion, 11qu1d·med1Ulll probably fr~ze. 
I 
. ' 
I , , • 
·. l 
. 
- "•': 
' 
: I . 
·. ' 
. ·;; - -· 
. , . . .· ·. 
.. 
. 
: 
I 
• I 
.. 
" 
. 
.. 
. ' 
'· 
. 
a.J L---U-L-----L 
LJ-L-L_L 
- . 
- L -- .. - =--~~ 
' 
.. 
-·~ 
. I 
I 
:, (t:{·;;{·····i'.}.··::· •. ),:.,J,i?).;,\ };·.•N:.}{;J;,;)Is(),;WiirtW:1'•·: .:: .• • . 
. 1 •• ,, 
~-- . 
-
' -,- . 
' . 
- . ·.·· :,, ··':·:· 
...... _ .. 
.. ·' '··. ' . . 
. ,,,, .. \ 
• ii'' • C' 
·1·· ·: '. 
.· ':-t "::· . .,,. :'· . • r , 
. . ' i' ·;: . . . . ' . .i -_ -- TABLE III 
·• .. 'I·· 
, 
;'r,_',,p' '; -
~-.'/}·;~:--· >· 
,i _.:. ,,. ' ' .·~'." 
t / ~ 
- I ', ,- • 
REPRODUCIBILITY STUDY ' ' ;! • •. • • '· ';.-. 
;.-.. 
.• r~; :~ '. ,• 
..'.,,:..,_ .•. :_.-__ .. 
·- ~ -~ 
· Semi-Cone Angle ( ~) : - 22 •. 50° 
. -· '. 
-·· .;.·. '. : 
R 
0.7 
1.4 
2.1 
2.8 
0.7 
1.4 
2o 1 
2.8 
o. 7·· 
1o4 
2 .1 
2.8 ... -
-Reductio.n of Area : 30% 
. 
R/Rr 
0.222 
0.444 
0.666 
0.888 
AVE Z/~ 
----
Regular Run 
0.024 
0.082 
.0.153 
00223 
Reproduo1b111ty Run #1 
0.224 
0.41~9 
0.673 
Oo897 _ 
0.024 
00081 
Oo 154 
0.234 
Reproducibility Run #2 
0.224 
0.447 
0 •. 671 
Oo.895· 
0.024 
0.080 
0~154 
00227 
• 
AVE Z/Rr_ . 
(R·0 /Rr) 3_ - 1 
0.032 
0.109 
0.204 
0.297 
0.030 
0.101 
0.192 
0.291 
0.030 
0.101 
0.~195·. 
00290 
MAXIMUM DISCREPANCIES IN AVE Z/!tr COLUMN 
R 
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- . 1 . EVALUATION . OF FRICT.ION IN FLOi1/ T}IROUGH CONVERGING DIES 
-· ~ . 
. ,. 
~--:-- . -
.-·_, ,.· ,, -- ' ' : _ . ..,-- . . 
',.-
. ._, . 
- ''°-:·-.._,, ' 
A 
10 
15 
20 
·25 
30 
35 
. '. 20 
25 
30 
3~· 
10 
20 
30 
,. 
. 40, 
50 
',-J {' - . ' 
Opt. 
Semi 
Std. 
Devia-. 
Coul. 
F:r-ict- · 
A;11gle. 
Frict-
ion 
Factor 
Ave. 
Frict-
ion 
Factor tion ion P.ve. 
,, 
DEG. 
B 
• a 1 • a • 
--m m· 
by ' 
. Eq. 16 
C 
•• 
17.,,,,,._ 
• • 
µ 
by Eqs •. 
12 or 13 (Ref. 19) 
·F. 
Rresent S~dy· (rdrawing) 
·Lo1,1 C~arbon Steel (Fit3. 33). 
6.00 0.139 0.122 0.011 0.085 
6.50. 0.106 · 0;1066 
8.25 0.124 0.081 9.25~ 0.121 0.082 
10.50 0.126 O·o089 
.11.00 0.115 0.084 
.AISI 1024 s·teel (F15Q 34) 
& I 
7.40 0.100 0.091 0.007 0.065·, 
8.00 0.091 0.061 8.80 0.089 0.062 9·.40 .0.084 0.062 
Present Stud ( AISI 1020 Steel 
6·.00 0.139 Ool55 0.026 0.076 
8.00 0.117 0.061 " 
12.00 0.165 0.081 
15.00 0.181 0.083 
17.00 -0.172 0.074. 
J, 
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G 
0.081 
0.062 
I 
0.075 
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·-~ 
',. ',.-. ,, 
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TABLE V -. 
- RELATIVE GRID LII,JE !\~EP1SURET1-!E1'TTS J .. 
---------BEFORE Al\jD AF'TER i\VEFJ1GI1'JG 
SEMI-DIE ANGLE (o!.) = 2. 50° 
A B. C D E 
- -
-
- -
R/R:r Z/Rr(1) Z/Rr (2) AVE Z/Rr AVE Z/R-r_ 
(Ro/Rr) 3_ 1 
0.219 0.009 
-0.007 
o.437 0.021 
-0.020 
o.656 0.034 
-0.029 
0.875 0.048 
0.221 0.022 
-0.011 
Oo443 Oo048 
-00018 
o.665 0.074 
-0.025 
Oo.886 0.099 
-0.030 
... J 
10%. reduction of area~ 
io .014 
-0.009 
0-.028 
-0.016 
0.039 
-0.026 
0 •. 059 
0.002 
0.003 
0 •. 004 
0.010 
0.012 
0.023 
0.030 
0.069 
30 % reduct.i1bn of area 
0.021 · ~ 0.005 0.007 
-0. 011 
0.044 0.013 0.018 
-0.022 
• 0.069 0.022~-~- 0.030 
-0.030 
0.097 0.034 ·0.046 
-0 .031 
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,- TABLE V ('CON' T) 
\~. ' ' ¥···· . ' 
.. 
. ; 
'· ' :.-: 
·., ·'I;.. ···-···--'· ' -· " ..... ' . ,. 
·SDII-DIE Al~GLE (o<.) - 3.75o· 
-
J.\ B C D E 
-
-- -
- -
I 
·1- :·1 ! ·-
10%· reduction of area 
0.221 0.006, 0.013· 0 •. 003 0.018 0.000, -0.005 
.. 
o.442 0.018. 0.025 0.008 0.046 0.000 -0.009 
0.662 O .0·30 · ·0.036 00012 0.064 
-0 •. 003 -0 •. 016 
0 .. 883 0.044 0.049 0.018 0.099 
-0.003 -0.018 
20% reduction of area 
() .:22·3: 0.010 0.009 0.003 0.007 
-0.002 -0.004 
o •. 446 0 •. 024" 0.024 0.012 0.027 ., 0.000 0.000 
~ 
' 00669·. 0.043 .0.049 0.025 o:··.:055: 
'1 ' 0.010 0.002 1 '.ii 
' 
' 
.--, 
,!• ,. 
' •, 0·.~·:8.92 0.060 0.061 0.035. 0.076 
0.013 0.004 
30% reduction of area : ,. 
'-' 
l 
0.024 0.008 o.·221 0.027 0.011 
-0.015 -0.004 ··~ 
/"! 0.443 oO .052 0.052 0 •. 015 0.021 
-0.027 -0.016 
'' 
; 
l 
i . o. 665· 0.087 0.082 0.028 0.038 .;• . ·-
-0.033 -0.024 
.. , 
0.886 0.120 0.116 .o .041 0.056 
-0.043 -0.028 
• 
. ., 
,. 
-· 
- ~:.. . .. :..· 
::~: 
-~· .. 
l.: 
-... ·,.f. 
'I, 
.· -; . 
... 
-: 
A. 
~.:,;.. 
0.222 
·Oo444 
o •. 666 
0.888 
\. 
/' 
... -.· 
·-
. TABLE V (~CON' T) 
· SEMI-DIE ANGLE (0(.) 
B C 
- -
--
40% reduction 
0.026·) 0.015-
0.000 0.000 
0~055 0.040 
0.006 0.011 
0 .. 107 0.075 
0 .. 030 0.036: 
-0.146~ 0.116 
0.060 0.064 
.. 
,d 
- 3.75 (CON'T) -
D 
-.. 
of area 
-~--,.,. 
0.010 
0.028 
0.062J' 
0.097 
.•. 
·, 
•I 
'\:: 
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0.008 
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0.023 
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0 •. 079 
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/. ii .<,·,\· ...•.•....•.•....... TABLE V.(CON'T) :·· .. ··>.:/ ·<'·:>i 
,- :,._.. ._.- {_-,, ·.,,.>_.": __ ----_, ·.,_-._ .. ·· - ,' 
- . .' '.' . ~. . . . . . . . ~ ... ·_.::': _,,. -
' : . ,"•-' -:" ,, - ~ . SEMI-DIE ANGLE («) = 5.00 
' . 'i-- ;-:,_; J '. A_-
--
c· - D. - ----E-
-·· 
'.,.;_ 
y 
i, . . . ,, 
- - -
10%: reduction Of area 
0.219 0.003 0.012 0.013 
.. Q.006 -o.oo6·J 
o.437 -_ 0.026 0.028 0.008 
-0 .011 
-0.009 
0.040 0.042 0.014 
-0.015_, 
-0.013 
o.885 0.056 0.059 0.020 
-0 .016, 
-0.020 
20% reduction of area 
0.219 0.019. 
-0.003 
o.437 0.037 
Oo.656 
-0.009 
0.059 
-0.007 
0.087 
, -0.003 
0~013 
-0.004 
0.032 
-0.006 
0.058 
-0.012 
0.090 
-0.007 
0.006 
0.013 
0.024 
0.041 
\. 
r 30% reduction of area 
0.222 0.026. 
-0.007 
0.444 0.050 
-0.011· 
0.666.1 0.086 
-0.003 
0.030 
-0.014 
0.066 
-0.022 
0.112 
. -0. 026': 
o. aaa o. 11 5: o·. 1 48 
0.003 -0.026~ 
00009 
0.021 
0.042 
0.060 
·-· 
•• · t ..• ' ·_ ' 
- ' . ' 
- ·. ·_., .•' · ... 
' . _;: . . ·' 
. '' .. 
. ,~. ' ' . 
. 
-_ \ 
·-
0.021 
0.056· 
0.090 
0.131 
0.016 
0.036 
0.065 
o. 111 
0.012 
0.028 
0.056 
0.080 
,. 
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.. :- TABLE V (CON'T) 
·sEMI-D.IE ANGLE (a.) = 5,.00 (CON'T) 
A 
-
B. 
-
C .D 
-
-
40% redtlct1on of arei 
0.224 0.034· 
-0.006 
o.4~t7 0.080 
-0 .0_06 
0.671 0.141 
o.895 
0.007 
0.205 
0.030 
0.026 .. 
-0.008 
0.069 
-0.006 
0.125 
0.006 
0.193 
0.033 
. 0.011 
0.035 
0.070 
0.115 
50% reduction of area 
0.224 o.005~ 
--
0.003 
0.000 
-
. 
o •. 449 0.041 
-
0.030 
0.020 
-
.0.673 o. 101 
-
0.082 
0.062 
-
o.897 - 0.164 .... 00140 
0.115 
-
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' . .. 
O.OQ9 
0.027 
0.055 
• 
0.091 
0.001 
0. 0.15 i-::( •/ . 
:.~-
0.041 .. 
0.070 
- "· 
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.. l TABLE V (CON' T) · , ,·._, . , . , r,, ~ .... 1· .... ~ 
': .. ·. 
....... ·,.., '.,.;.,"""l, 
< 
i.' ' ' -,,_. 
·- .. ,. \ 
' ' . ' 
.. 
. ,i ·' 
i Sfil:!I-DIE ANGLE (tx.) = ·. 1 0. 00° 
A .. , 
- .. B 
-
C 
·-
D 
... E 
-
._ 10% reduction of area - 1 
0.222 0.010 11' 0.008 0.003 0.014 
-o.oo~ -0.003 
o.444 o.02~ 0.025 0.011 0.054 
0.000 -0.007 
0.666... 0.038 
0.000 
0.888· 0.057 
0.000 
0.041 
-0.010 
·0.057 
-0.004 
0.017 
0.027 
20% reduction of area 
0.220 0.025· 
-o. 011 
0.440 o. 063· 
-0.018 
0.660 0.107 
-0.023 
0.880 0.145 
-0.024 
0.027 
-0.078 
O. 06.9 
-00015 
0.106 
-0.021 
0.142 
-0.023 
o.ooa 
0.025. 
0.042 
0.060 
30% ,reduction of area 
0.220 0.047 
0 . 
-0.028 
0.440 Oo.106; 
-0.040 
0.660 0.169 
-0.043. 
o.aao 0.230 
- -0.045i · 
- : •f •• ·, 
. ' 
0.061 
-0.025 
0.123 
-0.038 
0.185 
.. Q.044 
0.253. 
-0 .. 047 
. .,,. 
0.014 
0.038 
0.067 
0.098 
0.083 
0.134 
0.021 
0.062 
0.107 
0.152 
/ 
0.020 
0.054 
0.095 
0~139 
' ' ' .. ~' ·' . 
. '\ ,( ... -.-. 
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' , 
' ' . 
.. , 
.I ... · 
~ .. 
. ••···· - ... ~~-· . - -
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TABLE V ( CON' T,) :. 
-_t"' 
SEMI-DIE ANGLE (at) = 10-.ooo (CON'T) 
B· 
~-
C 
-
n-
... 
40%.reduction of area 
0.224 0.034 
-0.005:: 
o.447: 0.101 
0.011 -
0.671 · 0.181 
0 •. 895-
0.055 
0.246 
0.100 
0.032 
0.000 
· 0.091 
0.030 
0.172 
0.079 
0.257 
0.134 
0.015 
0.058 
0. 12,2 
0.184 
50% reduction of area 
0.224 
o.447 
0.671 
o.895 
0.011 
0.015 
.0.051 
0.055 
0.130 
Oo 143 
0.216 
0.253 
• •" _,_' •• ·~·-·--· ~-·v __ _...,_,,...,.,,".., ... _ __ .... _, ... -.,, -~.._-•·• - •·' ' • 
.-
,: •_-·,., 
0.016 
0.018 
0.060 
0.073 
0.124 
0.146 
0.205 
0.259 
r•;. ... 
0.015 
0.060 
0.136 
0.233 
,· 
' 
· · , .... ,~-.··~·---~---......... ......,., .. .,...,._w111,_.....-...,,.-- -....- ·· ·· 
. . ,' ' 
. ' ' . ' ,: ::: '::·:~ .. _ ... 
" . 
'11 . 
. E-
.. 
0.012 
0.096 
-
0.145 
0.008 
0.030 
0.069 
0.119 
:., 
·, ' . ' . ' ···- ....... ,.. 
. : . 
• 
~ 
;-
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I_ 
- ·- ' 
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'i' 
J 
' i 
I. 
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• I~ ! 
. i :-. ~ 
;~.:... -~. ; ... 
' ? •• -
·-
' 1·, ,y : -· l· 
' • - • '! - :, • -.'. I C i .,'j \• 
.TABLE i/ (CON.'T): I ·:'; •• J.: I' 
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. 0.222 0.012 0 •. 011 0.004 
· 0!023 
Q -0.002 
-0.002 
o.443 0.023 0.028 0.013 0.066 0.002 
-0.002 
-----
_ o.6-65 0.033 0.01~1- 0.020 0.104 0.007 o.oo.o 
0.886;- 0.04lt 0.059 0.028 0~ 144 
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20% reduction of area 
. 
0.220 00026 0.019 00009 0.022 -
-0.003 -0.001 
. 
o.44o 0.058 0.049 0.024 0.061 
-0. 006j 
-0.004 
0.6.60 0.093 0.082 0.043 0.109 
-0.002 0.000 
0.880 0.129 ~ 0. 112 0.063 Oo 158 0.003 0.007 
30% reduction of area 
0.221 0.041 0.045 0.013 0.018 
-0.0·16 
-0.019 
o.442 0.089 0.107 0.039 0.054 
'"-' -0 • 0 1 6 -0.025 -
0.662 Oo 148'. 0.167 0.073 0.101 
-0.005 -0.019 
o.883 0.213 0.243 0.117 00162 
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-0.004 
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• SEMI-DIE ANGLE («) = t2·.5oo ·(CON'T) 
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.,, A 
..... 
· 0.224 0.030 
0.017 
.0.447 0.112 
.. 1),066 
0.67·1 0 •. 183 
o. 126.' 
Oo895 . 0.313 
0.191 
0.224 
0.449 
0.673 
0.897 
.. 
0.03a 
0.007 
0.120 
0.059 
0.223 
0.158 
0.375 
0.286 
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.... i, 
C 
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D 
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40% .. reduction of area _ , ··· 
... 
0.036,. 
0.011 · 
o. 118 
0 •. 061 
0.222 
0.1 31 
. o. 339 
0.203 
0.024 · 
0.089 
0.166 
0.262 
50% reduction of area 
0.031 0.020 
0.002 
0.103 0.085 
0.056· 
0 •. 21 5 0.189 
0.155 
0.340 
0.272 
0.318 
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TABLE V (CON IT) 
,. SEMI-DIE ANGLE (oe.) = 17.50° 
) .... '1. 
_1 
. A. B, C - ·D 
--
·-·'· ,· .... 
- - -
.. 
-· 
-0.221 0.016 
-0.006.: 
o.443 0.043 
-0.008 
o.665 0.066 
-0.008 
O. 886~·. O. 091 
-0.009 
10%.re~uct1on of area 
0.016 
-0.008 
,, 0.034 
-0 .011 
O. 065--
-0 .011 
0.089 
-0.015· 
0.004 
0.016. 
00028 
0.039 
20% reduction of area 
0.222 0.032 
-0.014 
o.444 0.086 
-0.023 
o.666. 0.150 
-0.027 
0.888 0.206. 
-0.033 
0.031 
-0.015 
0.083 
-0.017 
00139 
-0.018 
0.193 
--0.019 
0.008~-
0.032 
0.061 
0.087 
30% reduction of area 
0.219 0.027 00030 
-0.005 ~ -0.001 
0 .439 · 0. 084 
0.012 
o.658' o.1-4a· 
0.032 
o.878 0.217 
0.063 
' ~-": .· 
.. ·.:. ' ·, ; ., . 
0.073 
0.010 
0.123 
"i·0.053 
0.186 
0.086., 
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0.081 
·' 
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0.201 
.;,. 
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0.074 
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TABLE V (CON' T) 
' 0 SEMI-DIE ANGLE. (o<..) ' 
- 17 •. 50 
-
B. 
-
40% 
' 0.023 
0.025 
0.060 
0.070 
t 
o. 165:, 
0.139 
0.246 
00228 
50% 
0.044 
0.029 
0.154 
0.143 
00309 
0.302 
. o •. 494 
o •. 481 
.. ' 
·,, 
C D ~ 
-
reduction of area 
0.025 0.027. 
0.028 
0.080 0.072 
00077 
0.153 . 0. 155 
0.163 
0.223 0.233 
0.235 
reduction of area 
0.031 0.034 
0.032 ' 
0.136 0.141 
_Q.130 
00294 0.297 
0 .. 284 
o.465 o.476) 
o.465 
\ .. 
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SEMI .. DIE ANGLE (d)' =·20.00° J-----_,...• 
·• . ., 
·A B C D· E ·---- -
-
-
-
10% reduction of area 
. 0.224 0.01 a· 0.018 0.006 0.024 
·-Oo004 
-0.008 
0.449 00038 00037 0.017 0.06.9 
-0.003 
-0.00q 
Oo.673_-- 0.062 0006-4 0.034 o. 143:' 0.012 
-0.001 
'. 4 
0.897 0.082 0.091 0.055 0.226 0.032 0.013 
20% red~ction of area 
. ,·. 
. 0.222 0.056 0.,048 0.01-0 0.022 • 
-0.033 
.. 0.031 
~,: 
0.444 0.116 0.122 0.031 0.072 
-0.058 
-0.054 
o.666 0.196 , 0.148 0.210 0.065· 
), -0.074 
-0.071 
o •. 888 0.290 0.285 0.101 0.230 
-0.088 
-0.083 
3·0% reduction of area 
;·~ 0.221 0.052 0.055 0.021 
.0.028 
-0.012 
-0. 011. 
• 
l o.443 o. 133 · 0.136 0.066 0.090 
-0.007 0.004 \ (_ 
' 
00665 00237. 0.230 0.124 0.168' 0.007 0.020 
... 0.886 0.348 0.320 0.180 o.245~. · • 0.015 4 0.038 
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SEMI-DIE ANGLE (e<.) = 20.00° (CON'T) 
B.: C . D -
- - - -
". · 40% reduction of area 
. ~.014 0.018 . 0.032 
0.049 0.055 
0.070 0.066 
00123 0.116 
o. 141 0 •. 143 
0.222 0.220 
0.206. 0.218 
0.316 0.308 
50% reduction of 
0.050 · 
0.040 
0.150 
0.164 
0.317 
0.325 
0.503 
o.497 
,.J. 
.... 
0.030 
0.054 
0.138 
0.182 
0.291 
0.335 
.0.478 
0.1~78 
0.094 
0.181 
0.262 
area 
O .bl+ 3 
0.158 
0.317 
o.489 
r"· 
E __ _, .· 
. 0.027 
0.079 
0.153 
0.221 
00022 
0.080 
0.159 
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t· 0 '. 
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' SEMI-DIE A1'IGLE · (ot-) = 22. 500 > ,: _ 
-.'. ~'. ' 
"-. A-
. B ... c .. 
.D 
- -
10% · red~ct,ion of area ', 
-0.2·24 - 0.021 
· -0.007 
6.447 Oooso· . 
0.671 
-0.009 
00087 
-0.007 
Oo895 0.148 
-00003 
0.024 -
-0.009 
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-00010 
0.081 
-00009 
0. 1 .:>0 
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0.007 
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0~038 
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0.023 
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0.023 
0.000 
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0.023 
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·0.058 
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._.i .. _··, 
~0.043 
-0.002 
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0.034 
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0.082 
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- SEMI-DIE ANGLE (pc.) = 22.50° (CON'T) 
. ' ~ 
. - . 
-
·- . - -- , - ~- A, ·_ 
..... _-. 
-! 
'I.,_ 
0.222 
0 .44li-
o.666_; 
.. 
o.888 
( 
0.222 
o.444. 
o.666 
o.888 · 
~, L ~ 
- ' ' ' ,~· ' ' 
·,. ~· --~ . 
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40% reduction of area 
. 0.017 0.028 
0.052 0.053 
0.079 0.104 
0.178 0.154 -
0.186 0.205 
0.317 0.291 
0.273 0.287 
o.425· 0.387 
50% reduction 
0.028 0.017 
0.081 0 •. 069 
0.117 o., 02 
0.230 0.214 
0.272 0.237 
o.4oo 0.390 
o.432 00397 
0.562 0.562 
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,_-
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~. ' . 
o._038 
0.129 
0.250 
0.343 _ 
of area 
0.049 
0.166 
O. 235. 
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.. . 
--· 
0.031 
0.105 
0.203 
,, ~ 
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0.025 
0.087 
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0.900 
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SD1I-DIE ANGI$ (°'-) =. 35.-000 
B 
--·· 
D 
~-····--.---
_ 10% reduction of area 
0 .• 015 -0.021 0.008 
-b.002 0.000 
0.043 00046 0.025 
0.005 0.004 
0.074 0.080 0.049 
0.023 0.019 
o. 1·31 0.152 0.102 
0.064 0 .~61 
20% reduction of area 
00026 0.026 0.014 
0.001 0.005 
11 0.087 0.073 0~055 
0.032. 0.0·30 
0.169 o. 147 0 •· 118 
0.086 0.070 
0.318 ' I ~ 0.283 • O •. 246) 
0 •. 187 0.194 
30%- reduction of area 
0.012 
0.025 
0.079 . 
0.131 
0.172 
0.248 
0.284 
o.432 
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.. 
•: ; . 
0.019 0.026 
0.031 
0. 081 - 0.099 
0.105 / 
0.172 0.203 
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•· 
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.... ,' 
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----
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o.424 
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: .. · SEMI--DIE . ANGLE- (o<.) · = 35. 00° (CON I T). 
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.. 
. ·.A:. ._. - . 
·-
B 
-.. 
·C: .. . -- .. E 
-·· 
-
D 
-
40% reduction cf area : 
' 
. 
0.225. 0.06.:; 0.067· --0,035 - - 0.027 0.012 . 0.000 "'· . .. 
Oo450 0.191 . 0.210 
. \ 
0.1461 0.11l o.09a·· 0.085 
0 •. 6.75· 0.363 o.428:. 0.308 . 0.234 0.228 0.213 
0.900 0.627 o.659 o.497 0.377 0.366 o.403 
50% reduction of area 
00225 0.070 
- 0.065 0.032 
°' 0.060 -V 
• , 
o.450 0.292 
-· 0.293 0.145 ~ 0.295 
-
o.675 0.595· 
-
o. 566.~ 0.280 0.537 
0.900 0.765 
-
Oov76.4 o.37a.· 0.762. " 
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TABLE V (CON ' T_) f · · ·, . - . ' ... ,"'.":;'' ' ,. 
• • • •• I 
. ''/- -
.- >,-;, .·-:-:__.· 
:i. , .. 
•• - ¢,' __ ... 
• • ;,- :~· ... -', .. \_ .. ' - . ,· ..... '- ,' 1 ; .• " 
SEMI-DIE ANGLE (c(.) . = 40.00° . . '' -· 
•• •. '.: ...... -·. ·.,;._ ,1 .~ 
- • ~ 
B C ·n 
-- --
-
20%·· reduction or area . · · 
0.025 
0.0061 
0.073 
0 •.. 030 
0.150 
00065 
0.292 
0 •. 181 
0.038 
-o.ooa-
0.092 
0.004 
0.179 
0.037 
0.355 
0.109 
o.015~ 
0.050 
0.108 
·0.235.-
30% redudtion of area 
0.-000 0.010 0.020 o.03s· · 0.033 
... 
00049 0.060 0.094 
. 0 •. 136; 0.130 
0.138_ 0.152 0.202 0.291 0.229 
0.233 0.265· 0.344 
o.432 o.448 
40% reduction of area 
0.021 
0.060 
0.117 
0.208 
0.269 
o.4o4 
• 
·o.420 , 
1.08.0 
• 
.. ' 
· 0.014 . 
·~· 
0.056.~ 
0.096. 
0.200 
0.247 
o.4o4 
o.4o4 
0.994 
,. 
' 
.., • • '1 
. ~ . ' . :· ).'' ,(' . 
.. ''';_. ,' 
0.155 
0.331 
., . .'. 
··~ . 
-·- .- •• '-'--'1 
.'• . -
.. 
' 
• ·.-', • • ·• • • ' •, - ,, •;~:.. / • ', • • r • • 1_:',;l:; 
,· . ,. 
""'',·· 
.. ·' .··E .. "', . . . 
;' .·., ... ·, 
' '.- ... .-. 
• ,]-· 
.·• r 
• 
•, • • • 1 - ~ "t C "• "'" ~ • 
' 
.. ,I -- ' 
0.103 
.0.225 
o.488 
0.027 
o. 125: 
0.269 
Oo4S8· 
· 0.030 
~0.124 
0.265 
0.580 
. ·\ 
d 
' .-,, 1· 
' j. 
. ' I • j,·,: ' . -' ' -~ . ,. 
i ' . 
- ··.· .. , -;! . 
- -·~ ~. . 
' .. ,;, ": ' • I I ' 
' ' •' ' ~ -~- . · . 
. ~- . -: 
' - ,.- ' 
. .. /,.'- - ,---~" " -~/.· 
;~ -. ,, I'-.,, .,, . 
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____:, 
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~ I.J 
-: I.' 
'---::i JI I I Jj 
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_J 
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'::, 5=. - I 
- ,_, J 
'f 
- ---::J j,1 
• 
·.~ ~· 
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0.2:26 
o.452 
o.677 
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TABLE V (CON'T.). . ~:·. f-- -:-·-7 
.,, 
SEMI .. DIE ANGLE ~) f = 40.00 
. '., ~. 
-:· ":· .\: 
" 
, ·'· 
.. 
C D 
-
-
.. so~ reduction of area 
0.072 
0.060 
0.224 
0 •. 230 
0.564 
0.526·1 
- . 
-
-
I 
.. 
·•· 
\ 
., 
. ·, 
·• 
q 
- 0.066~ 
-
- 0.227 
.. 
- 0.545 
- -
-
. . ~ .•. : 
... 
w. 
..... 
, . 
.i. 
~ . ',,·- . 
. ,1 
, .. 
·f;-
0 0!..,H 
...... 7"'· 
(CON'T) 
E 
-
0.032 
0.111 
0.266-
-
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. ,, 
\ '-.~ ' . 
. '' ~-t'' . 
,-' ' 
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. TABLE V (CON. 1 T:)' 
SEMI-DIE ANGLE (~) = 45.00°. 
. . --A 
. ·,·-
0 •. 224 
o.449 · 
o.673 
o.897 
0.224 
o •. 447 
0. 671 C 
o.895 
. ,:· ·"· ~ 
' '. •.. -~ .. ' 
' . 
' ., ;.·. 
.. I 
• • .. ~ ,. ~ T 1 ' ," ..-• • • ( 
' . - . 
' _. ~- ' • .'' r • ·• ' • • .' • • ,, ·.' J 
. -.~ ~- ~.· ·:; ·,4.:·~· 
: .. ~ 
; ,,. 
. ,;, '. 
B C. .. D 
--~"-• 
- -
30% reduction of area 
0.042 
0.000 
0.126 
0.046 
0.262 
0 •. 120 
Oa-519 
0 .. 242 
0.043 
0.000 
0.125 
0.057 
0.258 
0 •. 143 
·0.497 Q.284 
00021 
0.089 
0.385 
50%' reduction of area 
0.06~7 
0.093 
0.199 
Oa272 
o •. 444 
0.585 
o •. aoa 
1 .070· 
' 
0 .069· 
0.081 
0.201 
0.276.· 
o .. 463 
0.588 
o.859 
0.962 
·;7 • 
--,._ • 
·,. 
._ . .. 
. ...... 
,- . 
,. 
• 
' 
. : -~ . ..~. ', '-. 
., - • . 
. ' 
- - p '~ ~~ . 
~· ·c " ',.',i ':-: ., '.' '' 
,' .J.''; • 
. '· 
. . .) '-· ,. ~' ; 
. .. ' . 
. ·., : . . l . 
0.077 
0.237 
0.520 
0.925 
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0.244 
. o.48o 
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TABLE VI C O ,~,· •,' 0 
.. ;...,' . - - '! 
' ' • •· l • ~ • 
. . . . . ' 
' ' . 
GRID LII\JE IvIEP.SU11I!.1-1ENTS 
· -ON vlRIGHT-PJ;.TTERSOI~ BILLETS 
-·1 .·' 
' '· 
·' - . ::-· . 
. , 
Nominal final diam.: 1.15" 
Lubricant.: MoS2 
\ 
I ', 
. R 
· (in) .... 
. I 
I\ ' 
0.15 
0.25 
· 0.35· 
Oo45: 
0.15 
Oo25 
0.35 
o.45 
OolS-
0.25 
0.35 
o.45 
I,} 
' .. )-· . 
. ; .. ~ : '. 
. ' ' 
. . \· ,• 
• • ~ • I ' - ' 
• • • ,. I r.· ... 
. . ..'..-{' - -'~:. ': ·. ·~~ . ' ·' ' ·. " ","" ' ~ ' 
Mat·erial : AISI 1018 Steel, split ·aha. gridded 
billets 
;.. I 
Z(l) -. 
(in) • I 
Billet No. 2158 · 
Extrusion Temp~ l600°F· 
0.06 
0.22 
0.51 
0.91 
o.oa· . 
0.27 
0 o-6~0 
1.23 
:1 Billet No. 2164 
Extrusion Temp. 1800°F 
.. 
•• 
l. ' 
'O 
.. ~ 
0.07 0.12 
0.27 0.30. 
0.60 0.63 
1.10 1.18 
Billet No. 2164 
Extrusion Temp. 2200°F. 
0.07 
0.32 
0.72 
1.34 
. .· .. 
., 
.• ;..,I •. ,;_ . 
.. ~: .'. ' ' ', . 
~ • " "I .. 
• ." ' • •• ~ "I. -, ~ ... _ ,t ,"'· ''. ... -· ', . . ~ ' -i,,' - • ,r ' ' 
- - - "',. 
0.22 
0.50 
l.18 
1.95· 
_r 
. ' ~- -
-.. : 
. .. \ .· r' . ., . ·. ·.• • : .,. _, ·. ~·"' . 
\ . . ~ . 
, . 
'· 
. • ',c• ;'' ,. 
,-~ : .. 
·4. • . 
. .-· -";. 
' . 
'. . 
., ~ ' J 
·-· 
..• ··. ,: : ,{ . 
.. ' , ~ 
.. . ·: . 
' . 
~·· ' ~ 
,r· 
. . . f :.- . . ... 
. ... , .. :• ' 
. . . . ~ . ' .. ,, ; '. ·. 
• ' • L \ • ;, ,;,• ,· 
• I :. 
, a , ,. 
' ,... ':. 
, 
' . . l 
' ,. :; 
[ 
. 1. 
I 
' 
) 
I 
' 
. ,. i __ ·:·)\:f\C/-}\}:{??~ir:;.,:~T(!.\(L!;~·< :/.-i:·c-~-·::, ·:· 
, ' . ' '-·'·'.·.':;'.·:, :·, ;, ,·.',\. ··:,:· :~ ·, :. 
,, ,," :..-, . 
9 ; ,' 
•. . .f 
' ' ,~.·- ... ,. - ''.--··-
f: 
'.· .,.:, 
'>. -~ . 
··-· 
....,,..--:... 
_; -~::~ .. ~:._-' ·• . .. ~...:.. ". . . 
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TABLE VII 
. .e 
. . ' 
... 
.. i'' ,. ''"•', t .. ". 
' ? .. 
TABULATED VALUES OF RELA.TIVE AVERA.GE-EFFECTIVE·ST.RA.IN (.f (o<)) 
AND SHEAR LOSS.l1:S (..,~.a"'~c:oro,.}* 
(Reproduced fro\r-Ret. if) · 
~ ---. -. ------ ·-
4 • ·-·~ - -•• ,P a a f(a) . a a f(a) 
-cota -a f(a) -cota 
a-
~-cota 
ain2a ain2a 
. 
1 1,00001 0,011636 31 1,00672 0,37539 61 1,03603 0,023275 . 2 1,00003 32 . 1,00721 0,38854 62 1,03784 3 - 1,00006 0,034920 33 1,00772 0,40180 63 1,03974 4 1,00010 0,046573 34 1,00825 0,41516 64 1,04174 5 1,00016 0,058237 35 1, 00881 . 0,42864 65 1,04384 .r 6 -1,00023 0,069915 . 36 1,00939 0,44224 66 1,04605 7 1,00031 0,081611 37 1,01000 o,45596 67 l 04838 ;,·." 
' 
8 1, 00041 0,093327 38 1,01063 0,46981 68 1,05082 9 1,00052 0,10507 39 1,01129 0,48380 69 1,05340 10 1,00064 0,11683 40 1,01198 0,49792 70 · 1,05613 11 1,00078 0,12862 41 1,01270 0,51218 71 1,05900 12 1,00093 0.14045 42 1,01345 o,52660 72 1,06204 13 1,00109 o, 15231 43 1,01423 0,54117 73 1,06526 14 1,00121 0,16421 44 1,01505 0,55590 74 1,06867 15 1,00146 0,17614 45 1,01590 0,57080 75 1,07228 16 1,00167 o, 18813 46 1,01679 0,58587 76 1,07611 17 1,00189 0,20016 47 1,01772 0,60111 77 1,08018 18 1,00212 0,21223 48 1,01869 0,61655 78 1,08451 19 1,00237 0,22437' 49 1,01970 0,63217 79 1,08912 20 1,00264 0,23656 50 1,02075 0,64800 80 1,09404 21 1,00292 0,24881 51 1,02185 o,66403 81 1,09928 22 1,00322 0,26112 52 1,02300 0,68027 82 1,10488 23 1,00354 0,27350 53 l,02420 o,69674 83 '1,11087 24 1,00387 0,28595 54 1,02546 o,71344 84 1,11727 25 1, 00422 . 0,29848 55 1,02677 0,73037 85 1,12413 26 1,00459 0,31108 56 1,02814 0,74755 86 ,1,1314~ 27 1,00498 0,32377 57 1,02958 0,76498 87 1,13935 28 .1,00538 0,33653 58 1,03108 0,78268 88 1,14780 29 1,00581 0,34939 59 1,03265 0,8006~ 89 1, 15687 30 1,00615 0,36234 60 1,03430 0,81891 90 1,16660 ~ 
For Q:Q f(a) = 1 And ;fa-cota = o 
• a . 
.... 
... .:...; 
'' 
*-In the tabulation, commas should be read as periods 
\ . 
"' - :. 
•, 
.... 
.• 
'· ' 
1·_,,_ . ·.,. .-... 
."11'.' ' ' '- ./,;'._·· 
',, ·\ . '! ·. ~-' .. , . 
... 
~-··-.. 
''., 
·' 
,', 'IT 
' 
. ~ r . • ;, . , . 
....... 
• 
, '_I'(_ 
. 1 .• 
· .•.. , 
' f 
,•., 
.··· . ' 
'' 
0,8374t> 
0,85632 
0,87549 
0, 8950{) 
' . 0, 91484 
0, 93503 
0,95559 
0,976~3 
0,99787 
1, 01961 
1,04178 
1,06438 
1,06745 
1,11099 
1,13503 
1, 15958 
1,18467 
1,21031 
1, 23653 
1, 26335 
1,29080 
1,31890 
1,34768 
1, 37717 
- l',40740 
_1,43840 
1,47020 
1,50284 
1.,53636 
1, 57080 
-~ 
w, 
~, ·•'"'c--:- . 
·=- -~ 
'·I \. 
,; 
J 
·-
• 
'/ ....... ,:: 
" 
' 
.. 
\\ 
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William M. Evans, son of Michael and Anna-Evans, 
was born on August 27, 1941 in Pittsburgh~ Pennsylvania. 
Educated in suburban Pittsburgh schools~ he was graduated 
trom Munhall High School, Munhall, Pennsylvania, in June 
In September 1959, he entered the University of 
Pittsburgh and was graduated 1n August 1963 with a 
Bachelor of Science Degree 1n Metallurgical Eng1n~er1ng. 
From August 1963 to July 1965, Mr. Evans was em-
ployed by the E. I. DuPont de Nemours and Co., Inc., of 
Wilmington, Delaware as a Metallurgical Engineer., As a 
member of the Engineering Department, Field Section, he 
was assigned to the Research Division of the Industrial 
., ' ,J . 
and Biochemicals Department at DuPont's Experimental Station 
Research Laboratories in Wilmington. 
In July 1965, he obtained a leave of absence from 
DuPont to work for the~Master's Degree at Lehigh University. 
· Two publications, partially based on his work for the 
Master's Thesis, have been co-authored with his Advisor, 
Dr. Betzalel Av1tzur. The first of the~e, "Measurement 
of Friction in Drawing, Extrusion, and Rolling," 1s to be 
published 1n the ASME Transactions, Jour.aal of Lubrication . 
Technology. The second, "Die Design for Dra:vifing and 
Extrusion," has been accepted as an ASTME Technical 
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Publication , and 1s to be presented at a forthcomin·g 
seminar on· metal forming. 
Mr. ~ans has sinc·e resigned from DuPont and has 
accepted employment with the Westinghouse Bettis Atomic 
Power Laboratory, West Mifflin, ·P~nnsylvan1a. 
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